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Sir: 



I, Sivaram Pillarisetti, Ph.D., the undersigned declarant, do hereby declare and state the 
following: 

1 . I am the named inventor of the above-identified patent application. 

2. I am currently the Vice President of Research, and formerly Director of Research, for 
Reddy US Therapeutics, Norcross, Georgia, the assignee of the above-identified patent 
application. [My resume is attached to this Declaration as Exhibit A]. I earned advanced 
degrees in biochemistry and molecular biology (Ph.D., Biochemistry/Molecular Biology; M.S. 
Biochemistry) and I have conducted Postdoctoral Research in molecular biology. From' about 
September 1996 until about July 2000, I was an Assistant Professor at the Department of 
Medicine, Columbia University, New York, NY and a faculty member at the Long Island Jewish 
Medical Center of the Albert Einstein College of Medicine, New York, NY. I have both 
conducted research and directed research programs in the general areas of molecular biology, 



lipoproteins, vascular biology, atherosclerosis, angiogenesis and restenosis, cancer, peptide 
chemistry and biology, cardiovascular inflammation, and inflammatory responses, for at least 
about the past 15 years. I was an investigator of the American Heart Association (NY affiliate) 
from 1996-99. I am the author or co-author of over 30 peer-reviewed publications, including 
publications currently in press, in the areas of endothelial cell and vascular biology, RNA and 
protein synthesis, molecular biology, and related areas. I am also a co-inventor on 4 issued U.S. 
patents and 7 published patent applications in the general areas of angiogenesis, restenosis, 
cellular proliferation, inflammatory responses, vascular and proliferative diseases, glycosidase 
assays, atherosclerosis, and related arts. 

3 . I have full knowledge of the subject matter disclosed and claimed in this application. 

4. I understand that the U.S. Patent and Trademark Office ("PTO") has asserted that, until 
the time of Paka et al. (abstract Nov. 2, 1999) (herein referred to as "Paka /") and Paka et al. 
(JBC, Dec. 1999, IDS Ref. No. 22) (herein referred to as "Paka 2"), apolipoprotein E (apoE) 
isoforms E2 and E4 were compounds having unknown cellular proliferative activity (i.e., not 
known whether they are i) anti-proliferative, ii) proliferative, or iii) have no effect on cell 
proliferation). [Paka 1 & 2 are attached to this Declaration as EXHIBIT BJ. I am co-author 
and principal investigator on Paka 1 & 2 and offer the following observations based on my own 
technical experience and knowledge of the art. 

5. Paka 1 and Paka 2 propose that apoE stimulates smooth muscle cell production of 
perlecan, a heparin sulfate proteoglycan, which mediates the antiproliferative activity of apoE. 
ApoE is a plasma protein whose structural gene locus is polymorphic and includes three major 
phenotypes (apo E2, E3, and E4) based on three common alleles (e2, e3, and e4). These alleles 
determine the three homozygous phenotypes E2/2, E3/3, and E4/4 and three heterozygous 
phenotypes E3/2, E4/2, and E4/3. 

As I describe below, at the time of publication of the Paka references, the apo E2 and E4 
isoforms were compounds having known cellular proliferative activity (i.e., shown either to be 
anti-proliferative, proliferative, or to have no effect on cell proliferation). [In support of this 
assertion, Nathan et al, Yamamoto et al., Cattin et al., and Casscells et al., which are 
discussed below, are attached to this Declaration as EXHIBIT CJ. 

6. Apo E4's effect on cellular proliferation has been described as early as at least August 25, 
1995 as illustrated by the Nathan et al. reference, which examines the effects of the apoE 
isoforms on neurite outgrowth of a murine neuroblastoma cell line. J. Biol. Chem 270- 19791- 
19799 (August 25, 1995). 

On page 19799, left column, lines 3-4, Nathan et al. states, "apoE4 did not effect cell 
replication, as determined by thymidine incorporation." 

And, on page 19793, Nathan et al. measures thymidine incorporation into DNA as an 
indication of cell replication and sees no significant differences in [ 3 H]thymidine incorporation 
into DNA with cells incubated with p-VLDL and either apoE3 or apoE4. 



Therefore, at least as early as the 1995 publication date of the Nathan et al. reference, 
apoE4's effect on cell replication was known. 

7. ApoE2's effect on cellular proliferation has been suggested as early as at least February, 
1996 as illustrated by the Yamamoto et al. reference. J. American College of Cardiology, 
Abstracts, Posters, pi 1 1A, No. 922-46 (February 1996). 

Yamamoto et al. reports the incidence of restenosis in patients with different apoE 
isoforms (i.e., apoE2, apoE3, and apoE4) who underwent percutaneous transluminal coronary 
angioplasty 1 (PTCA). 

According to Yamamoto et al. , the apoE4 isoform was related with restenosis (but not the 
E2 isoform). See page 1 1 1 A, poster No. 922-46, Table and lines 1-4 of last paragraph. 

Therefore, as early as at least the 1996 publication date of the Yamamoto et al. reference, 
apo E2's effect on cell replication was known, i.e. the E2 isoform of apoE was shown not to be 
related with post-angioplasty restenosis, which commonly involves cellular proliferation. 

8. Apo E2's effect (as well as E4's effect) on cellular proliferation has also been suggested 
by Cattin etal. Arteriosclerosis, Thrombosis, and Vascular Biology, 17: 91-94 (1997). 

Cattin et al. investigate the possible contribution of apoE allele polymorphism to the 
carotid intima-media thickness (IMT) (and therefore reflective of cellular proliferation). 

According to Cattin et al, "measurements of carotid IMT showed increasing values from 
E2 to E4 carriers." Cattin et al, Page 91, Abstract lines 13-14. 

Therefore, the apo E2 allele's (as well as apo E4's) effect on cell replication was known 
as illustrated by its effect on IMT, which involves cellular proliferation. 

9. In summary, at least Nathan et al, Yamamoto et al, and Cattin et al. illustrate that prior 
to the publication date of the Paka references, the apo E2 and E4 isoforms of apoE were 
compounds having known cellular proliferative activity (i.e., shown either to be anti- 
proliferative, proliferative, or no effect on cell proliferation). 

10. I declare that all statements made herein are believed to be true to the best of my 
knowledge; and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine, or imprisonment, or both, under Section 
1001 of Title 18 of the United States Code and that such willful false statements may jeopardize 
the validity of any patent issuing on this application. 



1 Restenosis, which means the re-occurrence of stenosis, involves cellular proliferation and is common following 
angioplasty. See, for example, Casscells et al, Molecular and Cellular Cardiology, 21 : 68-77 (1994). 



Sivaram Pillarisetti, Ph.D. 
Date 



Exhibit A 
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Sivaram Pillarisetti, Ph.D. 

Reddy US Thearpeutics 
3065 Northwoods Circle 
Norcross, GA 30071 

Present position: Vice President of Research 

Reddy US Therapeutics and Dr Reddy Laboratories, Norcross, GA 
Oversee research activities in cardiovascular inflammation programs 

Experience: 

June 2000 - July 2001 Director of Research, Reddy US Therapeutics 

Dec 98 - July 2000 Senior Scientist and Director, Translational Research and therapeutic 

Angiogenesis, North Shore - Long Island Jewish Health System, 
Manhasset, NY 

Assistant Professor - Albert Eistein College of Medicine, NY 

Directed translational research lab focusing on developing peptides and 
peptidomimetics to modulate angiogenesis with therapeutic implications 
in cancer and myocardial and limb ischemia 

Sep 96- Jun 99 Assistant Professor - Department of Medicine, Columbia University 

New York, NY 10032 

Research in lipoproteins, vascular biology and atherosclerosis 

Jan 9 1 - Aug 96 Staff Associate/Associate Research Scientist - Department of Medicine 

Columbia University, New York, NY 10032 

Research in lipoproteins, vascular biology and atherosclerosis 

April 87 -Mar 91 Post Doctoral Fellow - Department of Biochemistry, University of 

Connecticut Health Center, Farmington, Connecticut. 

Research in molecular biology of eukaryotic protein biosynthesis 



Awards: 



Teaching: 



Membership: 



Investigator of the American Heart Association, NYC - 1996-99 
Faculty Research Award, Long Island Jewish Medical Center - 1999 
Atorvastatin Research Award, Parke Davis/Pfizer - 1999 

Institute of Human Nutrition, Columbia University (1996-98) - Graduate 
program in human nutrition 

American Heart Asscociation, American Diabetes Association and 
American Chemical Society 



Reviewer: 



ATVB, Am J Pathol, Am J Physiol 
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Education: 



p h.D. Biochemistry /Molecular Biology - School of Life Sciences, University of 

Hyderabad, India. 

M.S. Biochemistry - School of Life Sciences, University of Hyderabad, India. 

B.S. Chemistry (Major) and Biology 

Research Papers: 

Endothelial cells and Vessel wall Biology: 

1. S. Pillarisetti, Michael G. Klein and Ira J. Goldberg (1992) Identification of a heparin releasable 
lipoprotein lipase binding protein from endothelial cells- J. Biol.Chem. 267,16517-16522 

2. A.Sasaki, S. Pillarisetti, IJ.Goldberg. (1993) Lipoprotein Lipase binding to adipocytes: involvement 
of heparin sensitive binding sites AmerJ.Physiol.-265 (Endocrinol Metab. 28):E 880-88 

3. S. Pillarisetti, S.Wadhwani, M.G. Klein, A. Sasaki and I.J. Goldberg (1993) Biotinylation of 
Lipoprotein lipase and hepatic triglyceride lipase: Application in the assessment of cell binding sites 
Anal. Biochem. 2 1 4, 5 1 1 -5 1 6 

4. M. Stins, S. Pillarisetti and IJ.Goldberg (1993) Specificity of Lipoprotein Lipase binding to 
endothelial cells J.Lipid Res. 34, 1853-61 

5. S. Pillarisetti, S.Y.Choi, L. Curtiss and I.J. Goldberg (1994) An Amino-terminal fragment of 
Apolipoprotein B binds to Lipoprotein lipase and may facilitate its interaction with Endothelial cells 
J. BioLChem. 269, 9409-94 1 3 

6. Parthasarathy,N., Goldberg, IJ, S. Pillarisetti, Wagner W. (1994) Identification of a specific 
Lipoprotein lipase binding oligosaccharide from endothelial heparan sulfate proteoglycans - J.Biol 
Chem. 265,22391-96 

7. S.Y. Choi S. Pillarisetti et al (1995) Lipoprotein lipase binding to lipoproteins involve protein- 
protein interactions with Apolipoprotein B - J.Biol.Chem. 270, 8081-86 

8. S. Pillarisetti, JC. Obunike and IJ. Goldberg - Lysolecithin induced alterations of subendothelial 
heparan sulfate proteoglycans increases monocyte binding to matrix - J.Biol.Chem. 270, 29760- 
29765 (1995) 

9. Parthasarathy, N., Goldberg, I.J., S. Pillarisetti, and Wagner, W,D. (1996) Isolation of heparin- 
derived oligosaccharides containing 2-O-sulfated hexuronic acids by lipoprotein lipase affinity 
chromatography. J. Biochem. Biophys. Meth. 32, 27-32 

10. S. Pillarisetti, T. Vanni and I. J. Goldberg (1996) Endothelial cells synthesize and process 
apolipoprotein B - J. Biol. Chem. 271, 15261 

ILL. Pang, S. Pillarisetti and I. J. Goldberg. (1996) Cell surface expression of an amino-terminal 
fragment of apoB increases lipoprotein lipase binding to cells J. Biol. Chem. 271, 19518-23 

12. JC. Obunike, S. Pillarisetti, L. Paka and I. J. Goldberg (1996) Mechanisms of lipoprotein lipase 
degradation by adipocytes: LDL receptor related protein and proteoglycan mediated pathways J. 
Lipid Res. 37, 2439-49 

13. S. Pillarisetti, S. Paka, A. Sasaki, B. Yin, N. Parthasarathy, W.D. Wagner, L Goldberg. (1997) 
Endothelial heparanase modulation of adipocyte lipoprotein lipase: Evidence that heparan sulfate 
oligosaccharide functions as an extracellular chaperone. J.Biol.Chem. 272, 15753-60 (1997) 

14. JC. Obunike, S. Pillarisetti, L. Paka and I J. Goldberg. (1997) Lipoprotein lipase can function as 
monocyte adhesion protein - Areterio. Thromb. Vase. Biol. 17, 1414-1420 

15. S. Pillarisetti, S. Paka, J. Obunike, L. Berglund, I. Goldberg. (1997) Subendothelial retention of 
lipoprotein (a). Evidence that reduced heparan sulfate promotes lipoprotein (a) retention by 
subendothelial matrix J.CIin.Invest. 100: 867-874 

16. I. Goldberg, L. Pang, S. Paka, W.D. Wagner, and S. Pillarisetti. (1998) Evidence that the amino- 
terminal region of apolipoprotein B is sufficient for lipoprotein interaction with glycosaminoglycans 
J.Biol.Chem 273, 35355-35361 
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17. S. Paka, J. Obunike and S. Pillarisetti. (1999) Apolipoprotein E stimulates endothelial production 
heparan sulfate rich in biologically active heparin-like domains. A potential mechanism for the anti- 
atherogenic actions of vascular apoE. J.BioLChem. 274, 4816-4823 

18. Balagopalakrishna, Paka L, Pillarisetti S, Goldberg I. J (1999) Lipolysis-induced iron release from 
diferric transferrin. Possible role of lipoprotein lipase in ldl oxidation. J, Lipid Res. 40, 1347-56 

19. S. Paka, Goldberg, L J., Choi, S. Y. J. Obunike, Saxena, U., Goldberg, I. D. and S. Pillarisetti. 
Perlecan mediates the anti-proliferative effect of apolipoprotein E on smooth muscle cells: An 
underlying mechanism for the modulation of smooth muscle cell growth? J. Biol Chem 274, 
36403-36408 

20. J. Obunike, S. Pillarisetti et al. (2000) Heparin binding proteins apolipoprotein E and lipoprotein 
lipase enhance proteoglycan production in cells. Arterio. Thromb. Vase. Biol. 20(1): 1 1 1-8 

21. Chen G, Paka L, Kako Y, Singhal P, Duan W, Pillarisetti S (2001). A protective role for kidney 
apolipoprotein E. Regulation of mesangial cell proliferation and matrix expansion. J Biol Chem. 
276(52): 49142-7. 

22. Chen G, Pillarisetti S and Goldberg I J - Inflammatory cytokines and fatty acids regulate endothelial 
cell heparanase expression - revised for Biochemistry 

23. Kako, Y et al Inhibition of Atherosclerosis in Severely Hyperlipidemic Mice by Gene 
Therapy with an Endothelial Anti-apoptotic Factor -in review 

RNA and Protein synthesis: 

24. S. Pillarisetti, Gary Vellekamp and Murray Deutscher - A role for lipids in the functional and 
structural properties of rat liver aminoacyl-tRNA synthetase complex - J. Biol.Chem. 263,18891-96 
(1988) 

25. S. Pillarisetti and R. Mayasundari - Qualitative and quantitative variation of tRNA in certain 
invertebrates - J.Biosci.14,153-162 (1989) 

26. S. Pillarisetti and Murray P. Deutscher - Free fatty acids associated with high molecular weight 
aminoacyl-tRNA synthetase complex influence its structure and function - J.BioLChem. 265,5774- 
5779 (1990). 

27. S. Pillarisetti and Murray P.Deutscher - Existence of two forms of rat liver arginyl-tRNA synthetase 
suggests channeling of aminocyl-tRNA for Protein Synthesis Proc.Natl.Acad.Sci.USA - 87 3665- 
3669 (1990) 

Reviews: 

24. S. Pillarisetti - Lipoproteins and vessel wall - Implications of new research on our understanding of 
Atherosclerosis - New developments in Cardiology and Cardiac surgery.(Pub. Escorts Heart 
Institute) p 1-11 (1993) 

25. S. Pillarisetti - Detecting and isolating ligands interacting with lipoprotein lipase - In Mammalian 
Lipases and Phospholipases. (Eds. M.Doolittle and K.Reue; Methods in Mol. Biology series J 
Walker ed.,) 1999 

26. S. Pillarisetti - Lipoprotein modulation of subendothelial heparan sulfate proteoglycans and 
atherogenicity - Trends Card. Vase. Med. 10(2): 60-5 2000 

27. Saxena, U. and S. Pillarisetti (2000) Endothelial Cell Sites for Drug Regulation- New Discoveries in 
endothelium and lipoprotein Metabolism (in press) 

28. Saxena U and Pillarisetti, S - New approaches for treatment of diabetic nephropathy: the endothelium 
as a target for drug discovery. Expert Opin Ther Targets. 2001 Oct; 5(5): 539-545. 

29. Pillarisetti, S and Saxena U - Lipoprotein lipase as a therapeutic target for dyslipidemia. Front Biosci 
2003 Jan 1; 8: d238-41. 

30. Pillarisetti, S Alexander C and Saxena U - Atherosclerosis - novel targets and therapeutics -Curr 
Med Chem Cardiovasc Hematol Agents. 2004 Oct;2(4):327-34 

31. Pillarisetti, S and Saxena U - Role of oxidative stress and inflammation in the origin of diabetes. 
Expert Opin Ther Targets. 2004 (in press) 
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Patents: 
Issued: 

1 . Pillarisetti S. and Goldberg IJ - US6 1 563 1 5 Method for inhibiting the binding of low 
density lipoprotein to blood vessel matrix 2000-12-05 

Application in atherosclerosis 

2. Pillarisetti S. and Goldberg ID - US6610726 Compositions and agents for modulating 
cellular proliferation and angiogenesis 2003-08-26 

Application in restenosis/angiogeneis 

3. Pillarisetti S. and Goldberg ID - US6589997 Small-molecule modulators of hepatocyte 
growth factor/scatter factor activities 2003-07-08 

Identified small molecule agonists and antagonists of growth factors for 
application in angiogeneisis and cancer 

4. Pillarisetti S. Wang D and Saxena U. US6656699 Methods and compositions for 
glycosidase assays 2003-12-02 



Published: 



5. Pillarisetti et al - US20030036103A1 Methods and compositions for diagnosis and 
treatment of vascular conditions 2003-02-20 

6. Pillarisetti S. and Goldberg ID - US20030022924A1 Compositions and agents for 
modulating cellular proliferation and angiogenesis 2003-01-30 

7. Pillarisetti S - US20020182587A1 Methods and compositions for the treatment and 
prevention of smooth muscle cell proliferation 2002-12-05 

8. Pillarisetti S. Cahoon S and Saxena U. US20020086282A1 Methods and compositions 
for detecting compounds that modulate inflammatory responses 2002-07-04 

9. US20020077293A1 Methods and compositions for the treatment of inflammatory 
diseases 2002-06-20 

10. Pillarisetti, S and Saxena U - WO03065008A2 Methods and compositions for 
identification and therapeutic use of genes involved in vascular and proliferative diseases 
2003-08-07 

11. Timmer, R, Alexander, A, Pillarisetti, S, Saxena U and Campbell K - WO03024926A3 
Methods and compositions of novel triazine compounds 2003-03-27 
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vessels demonstrated fllgrfflcanliy reduced neelntlma at 21 days In vessels Mud with ins 
pre.wo*cecropin A gene compared with neokrtimal area in those given a control gene 
(□<005). CMClwkiir: Thus, the haedle injection catheter appears to He use ul to w* 
intravascular sen* delivery, to wwj gene transfer ol cecroplns may be of therapeutic relevance 
in restenosis prevention by limiting cell prolilcratiort. 

2888 

Pcrtecan, Heparan Sulfate Proteoglycan, Mediates tha Anti-ProHferative 
Effect ol Apollpoproteln & An Unfcrlytofl Mechanism for the Modulation of 
Smooth Moscfc Cell Growth? 



Lama Paka, North Stare * Long Island Jewish Health System. ManhasseUY; Joseph C 
Obunihe Columbia Univ. tow York. NY; Sungshin 1 Choi, Palo Mi Wed Fan, Palo Alto. CA; 
Sivaram Piiiarfseitt, North Shore - tag island Jewish HeaWi System. Majihassel W 

We'recenoy showed \m apoE stimulates endothelial production of heparan sulfate {HS\ 
•enriched in heoarin.like sequences. Since heparin and HS are potent inriloHojs of smooth 
• " -musci?.ceil($MC).pwnreratiofT t in mjs study w« detenairteri ^.tto^af^-P^^w^rt 
? > - ' ^ i T 6f mo£ is dui' Wcreased HS product to confluent SMtfapoE 15 ug/rnH increased 3$S0- 



cells iHUVECs) bind end internalize prorenin |Pflj via a mannose epliosphate (M6P) 
receptor-dependent mechanism (Admtraal el at., 1998). it was the aim of the present study lo 
Investigate the binding kinetics and to assess the capacity of HUVKs to form renin by 
proteolytic cleavage of the prosepmanl. HUVECc wore cultured In a chemically defined medium 
with recombinant human P8 Irange 0.05-20 nM; n» 4} at 4'C or 37"C tor 4 firs, or loaned with 
2 nM Pit (n»3) for 2 ftrs at 4 fl C. washed, and then incubated at Non-M6P 
receptor-dependent binding was determined by adding 10 mM M6P to the medium, and by 
incubating cells with M6P-free PR, obtained with a M6P receptor afllnity column [Faust et al.. 
1987). Intact PA and activated PR were measured in cell lysales by eftzyma-hinalic assay I4«C 
experiments] or immunoradiomeirtc assays i37"C experiments}, with monoclonal antibodies 
directed against the prosegment of PH. or a renin-spedlic epitope, respectively. InienialiiaUon 
of Pft was confirmed by acid-wash. Results: Ko and B*u were 2.5x0.8 nM and 665^:60 
sues/cell. At 3TC, the amount pl PR internalized via M6P racfipiors was more than 15 limes 
Once inside the cells, Wact Pfl decreased with a t,., ot 2z t h/s. This was due to the 
formation ol mm. which reached a maximum after 2 hrs. PR not containing the M6P signal - 
was not bound by KUvTCs, Conclusions: HlWBCs bind PR to surface MSP receptors with high 
affinity. 2) PR intemaliMtion Is greatly enhanced by receptor recycling, anil 31 MuVEtt contain 
an ^ enzyme" that converte PR to renin. These processes may camrihuie w local ^ngtotensin 
ger|erillDn jn'jhe vmc'u> waft 



''•V, W '. 




„™,-, au . m,« -—..,„..,. _ 'Angiotensiri'irfieiwraWn in the Hwnan foreann 

was in periecan and apoE also stlmulalEd pailacan mRNA eipression by >2 told. The aoriJty *w»w»n*n ™ >R » 

ol apoE Worms lo inhibit SMC proliferation correlated wHh their abDUy lo sUmulate perfeun ^ m mmm Netherlands: Maijan A ran D^k, morid 

.... , v woWMarW i e9nd« warily affe^ . . . ;itKfMn PeterC ChanrL' Leiden Univ Med Ctf. Leiden Netherlands: .Maarten ADH Schaielcamp... • 

? ? ^'^j^ r ^jril^ Because other mowth;%6Q^ators Blso^regulate : fperledan ■* W us ^? wev * nana5 i i ^ **. - 1 : 
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•thmiighout the matrixi Tfcse data'Te«fal..tor Bie-Wrettlrfje^jhat.,^^ a am bssjre ; ; s v . : * . , •. . . J-v/t- - Y.t'«?r<f vj fam t/M^&i^^^] l '%i f 

in tWsmw^of.cc<i»ary .artery .calcM^ . , ; •/,;' > 

prevent coronary taWrTeattea^eted rfcarti^ ! ?.". " • • -\>;;:. fc 4 V.' < :*-'\"-^<^;:(?:.r^^>/ ' . 

;^V.« i.-^OiM.* »,....• -j-.. ^rtensjq ii-Raceptdr-Antegonisin Imprnves Ea^drum-MeolatBd v 

Vasodilation in Patients with Coronary Artery Disease: Rote of Nitric Oxide 
and BradyWnin 

cruistoph Kohler, Burkhard Hornig. Damet ScMn*. Helmut Dreiler-: Hannover Med 5ch. 
Hannover Germany 

Impaired llow-dependeni. endothelium-medWed vasodJiatwa tPDW Is an earfy hnduig in 
patents with coronary anery disease (CAOy. In contrast to ACE^rnhibrtion. angiotensifl-lt type 
t-receptor-antagonistt (AM) do not affect bradykinin desradadon ai«d their effect on FDD is 
unknown. We therefore evaluated the acute effects of the AT,A candesartan (Catid: 800 go/oiio. t ; 

5 mini on f 00 of fee radial artery in 20 patients with CM) too pievwus ACE-mhihWon or 
AT,AJ. To investigate the role of nitric oxide or bradykinin tor Uw effects ol ATA we determined 
Uie effect of the bfadykintfl-B2-rece0tor antagonist HOEI40 130 mo/mln. S min: group A. 
n oOl or of the NO-synlhase inhibitor L*NMMA {7 mmovmirt E mln: group B. n=iOj in 
co-infusion wilh Cand on flbw-dependent vasodilation. Arterial diameter was measured by 
high-resolution ultrasound (to Mhz: precision 2 jim) at rest and after 3 minutes or wrist 
occlusion. Diameter changes (0%). representing FDD, were determined at control, after Cand, -; 
after co-inlusion ol Cand and L-NWMA or HOE140 respectively (alt data: mean z SEM; * 
P ' 0.05 va. conuol; *p<0.05 VS. Cand). Condwton:The AT^A candesartan inwoves FOO in 
patients with CAD. This effect is abolshed after co-inruftn with l-NMMA suggesting a 
no-mediated mechanism. The effect of Cand on FDD is severely reduced after comfusion with ; 
H0E140. supportino the concept that both. bradyWnln/fhe 8,-receptor and nitric oxide are 
kwohred in AT^-medttied Increase In FOO. 
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Human Endothelial Celts Bind and Activate Prerenin 
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Mark WED van den Eijnaen. Jasper J Sans. Wim Slulier. Maarten ADH Schaiekamp. f rans 
HM Der Jot. Alexander HJ Denser. Erasmue Univ. Rotterdam Uethoriands 

Vascular angiotensin generation depends on uptake of (pro)renin from the circulation. In 
support of this concept, we have recently demonstrated that human umblcaf vein endothelial 
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Perlecan Mediates the Antiproliferative Effect of Apolipoprotein 
E on Smooth Muscle Cells 

AN UNDERLYING MECHANISM FOR THE MODULATION OF SMOOTH MUSCLE CELL GROWTH?* 

(Received for publication, July 23, 1999, and in revised form, August 19, 1999) 

Latha Pakat, Ira J. Goldberg§, Joseph C. Obunike§, Sungshin Y. ChoiTi, Uday Saxenall, 
Itzhak D. Goldberg^, and Sivaram Pillarisetti^** 

From the ^Department of Radiation Oncology, North Shore-Long Island Jewish Health System, 
Manhasset, New York 11030, the ^Division of Preventive Medicine, Department of Medicine, Columbia University, 
New York, New York 10032, the %Palo Alto Medical Foundation, Palo Alto, California 94301, and ^Atherogenics Inc, 
Alpharetta, Georgia 30004 



Apolipoprotein E (apoE) is known to inhibit cell pro- 
liferation; however, the mechanism of this inhibition is 
not clear. We recently showed that apoE stimulates en- 
dothelial production of heparan sulfate (HS) enriched in 
heparin-like sequences. Because heparin and HS are 
potent inhibitors of smooth muscle cell (SMC) prolifer- 
ation, in this study we determined apoE effects on SMC 
HS production and cell growth. In confluent SMCs, apoE 
(10 fxgfral) increased 35 S0 4 incorporation into PG in me- 
dia by 25-30%. The increase in the medium was exclu- 
sively due to an increase in HSPGs (2.2-fold), and apoE 
did not alter chondroitin and dermatan sulfate proteo- 
glycans. In proliferating SMCs, apoE inhibited [ 3 H]thy- 
midine incorporation into DNA by 50%; however, de- 
spite decreasing cell number, apoE increased the ratio 
of 35 S0 4 to [ 3 H]thymidine from 2 to 3.6, suggesting in- 
creased HS per cell. Purified HSPGs from apoE-stimu- 
lated cells inhibited cell proliferation in the absence of 
apoE. ApoE did not inhibit proliferation of endothelial 
cells, which are resistant to heparin inhibition. Analysis 
of the conditioned medium from apoE-stimulated cells 
revealed that the HSPG increase was in perlecan and 
that apoE also stimulated perlecan mRNA expression by 
> 2-fold. The ability of apoE isoforms to inhibit cell pro- 
liferation correlated with their ability to stimulate per- 
lecan expression. An anti-perlecan antibody completely 
abrogated the antiproliferative effect of apoE. Thus, 
these data show that perlecan is a potent inhibitor of 
SMC proliferation and is required to mediate the anti- 
proliferative effect of apoE. Because other growth mod- 
ulators also regulate perlecan expression, this may be a 
key pathway in the regulation of SMC growth. 



Apolipoprotein E (apoE) 1 is a key ligand for several lipopro- 
tein receptors and plays a major role in the hepatic clearance of 



* This study was supported by a grant-in-aid and investigatorship 
from the American Heart Association, New York City Affiliate, by 
grants HL56984, HL62301, and HLK14-03323 from the NHLBI, Na- 
tional Institutes of Health, and by a faculty research award (to S. P.) 
from the Long Island Jewish Medical Center. The costs of publication of 
this article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked "advertisement" in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

** To whom correspondence should be addressed: Dept. of Radiation 
Oncology, North Shore-Long Island Jewish Health System, Boas Marks 
Biomedical Research Bldg., Rm. 129, 350 Community Dr., Manhasset, 
NY 11030. Tel.: 516-562-1098; Fax: 516-562-2672; E-mail: heparin© 
email.com. 

1 The abbreviations used are: apoE, apolipoprotein E; HS, heparan 
sulfate; PG, proteoglycan; HSPG, heparan sulfate proteoglycan; SMC, 



remnant lipoproteins (1, 2). In recent years, however, several 
nontraditional functions of apoE have emerged that are related 
either to its antiatherogenic function or its role in Alzheimer's 
disease (3-9). For example, expression of apoE in the vessel 
decreased atherosclerosis in apoE-null mice without significant 
changes in plasma lipoproteins (4, 5). Recently, Fazio et al. (5), 
by transplanting apoE null macrophages into normal C57BL6 
mice, increased atherosclerosis without altering lipoprotein 
profile. How apoE protects the vessel wall from atherogenesis 
is not clear. Possible antiatherogenic roles of vascular apoE 
include promotion of reverse cholesterol transport (6), inhibi- 
tion of lipoprotein oxidation (7), inhibition of lipase-mediated 
low density lipoprotein retention (8), inhibition of platelet ag- 
gregation (9), inhibition of smooth muscle cell (SMC) prolifer- 
ation (10), and, as we recently showed, increasing endothelial 
heparan sulfate (HS) (11). 

Heparin and HS are biologically active glycosaminoglycans 
(GAG) composed of alternating residues of uronic acid (glucu- 
ronic acid in HS and iduronic acid in heparin) and glucosamine 
(12). HSPGs have several vasoprotective effects; the best char- 
acterized among these is their ability to inhibit SMC prolifer- 
ation (13-15). Although the antiproliferative effect of apoE has 
been realized for many years (16-18, 10), how apoE inhibits 
cell proliferation is not known. Our previous studies showed 
that apoE increased HSPG production in endothelial cells (11). 
Thus, it raises the possibility that apoE-mediated inhibition of 
SMC proliferation may be due to its ability to induce HS pro- 
duction in cells. In the present study, we show that apoE 
stimulates SMC production of perlecan HSPGs, which medi- 
ates the antiproliferative activity of apoE. 

MATERIALS AND METHODS 

Heparinase I and heparitinase (heparinase III) and chondroitin ABC 
lyase were purchased from Seikagaku America Inc. (Bethesda, MD). 
Aqueous solutions of [ 35 S]sulfate were from Amersham Pharmacia Bio- 
tech. [ 3 H]Leucine and [ 3 HJ glucosamine were from NEN Life Science 
Products. ApoE3 was either purchased from Calbiochem (La Jolla, CA) 
or purified from conditioned medium of Chinese hamster ovary cells 
transfected with apoE cDNA (19) by heparin-agarose chromatography. 
ApoE2 and apoE4 isoforms were from Calbiochem. Perlecan antibody 
was from Zymed Laboratories Inc. (South San Francisco, CA). 

Cells — Rat and human aortic SMCs were kindly provided by Dr. L. 
Rabbani (Department of Medicine, Columbia University) (20). Data 
with rat SMCs are presented below. Initial experiments were also 
performed with human SMCs, and similar results were obtained. SMCs 
were grown in basal medium supplemented with growth factors, basic 
fibroblast growth factor and epidermal growth factor (Clonetics, San 



smooth muscle cell; GAG, glycosaminoglycans; CHAPS, 3-[(3-cholami- 
dopropyl)dimethylammonioj-l-propanesulfonic acid; PAGE, polyacryl- 
amide gel electrophoresis. 
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Diego, CA). Bovine aortic endothelial cells were isolated and cultured as 
described (21). The cells (5-15 passages) were grown in minimal essen- 
tial medium containing 10% fetal bovine serum (Life Technologies, 
Inc.). 

Metabolic Labeling— PGs were radiolabeled with either [ 35 S]sulfate 
or [ 3 H] leucine for the indicated time periods. Medium PGs were col- 
lected and purified by DEAE- cellulose chromatography (see below). Cell 
associated PGs were assessed by extracting cells with 50 mM Tris 
buffer, pH 7.4, containing 4 M urea, 1% Triton X-100, 0.1 mM EDTA, and 
1 mM phenylmethylsulfonyl fluoride. To study the effects of apoE, 
confluent SMCs were incubated in culture medium containing 35 S0 4 
and the indicated concentrations of apoE for 24 h. Cell and medium PG 
levels were assessed. 

DEAE Cellulose Chromatography of PGs— To determine changes in 
PGs, DEAE-cellulose chromatography was performed as described pre- 
viously (21, 22). A DEAE-cellulose column was equilibrated with 50 mM 
Tris buffer, pH 7.4, containing 4 M urea, 0.1 m NaCl, 0.1 mM EDTA, 1 
mM phenylmethylsulfonyl fluoride, and 1% CHAPS. The column was 
washed with the same buffer and with buffer containing 0.25 M NaCl, 
and PGs were eluted with the same buffer containing 0.5 M NaCl. 
Fractions containing radioactivity ( 35 S0 4 ) were pooled and dialyzed 
against minimal essential medium overnight and counted. To deter- 
mine the relative proportion of HSPGs and chondroitin and dermatan 
sulfate PGs, an aliquot of the pooled fraction was incubated in 50 mM 
sodium acetate buffer, pH 5.2, with 1 unit/ml each of heparinase and 
heparitinase or with 0.5 units of chondroitin ABC lyase for 16 h at 
37 °C. The reaction mixture was precipitated either with 0.5 volumes of 
1% cetylpyridinium chloride or with 3 volumes of ethanol to precipitate 
undigested GAG. Radioactivity in the supernatant and pellet was 
determined. 

SMC Proliferation— To determine the effects of apoE or HS on SMC 
proliferation, cells were plated at low density (8 x 10 4 /well) and cul- 
tured for 24-48 h in the presence or absence of apoE or HSPGs. Cell 
number was counted with hemacytometer, and net growth was deter- 
mined (15). Alternatively, SMCs were cultured in the above conditions; 
cells were then labeled with [ 3 H] thymidine for 6 h, and radioactivity 
incorporated into the DNA was determined by trichloroacetic acid pre- 
cipitation of the cell lysate. 

Determination of Perlecan Protein and mRNA — To determine 
changes in perlecan protein, control and apoE-treated (10 jug/ml) SMCs 
were labeled with [ 3 H] leucine for 24 h (steady state). PGs were isolated 
from SMC medium and purified by DEAE-cellulose chromatography. 
Purified PGs were immunoprecipitated with an anti-perlecan antibody 
(100-fold diluted), and immunoprecipitates were analyzed by 5% SDS- 
PAGE. Perlecan (molecular mass, >550 kDa) was identified by 
autoradiography. 

For Northern blotting, a 497-base pair polymerase chain reaction 
product representing domain I of perlecan (forward and reverse primers 
with sequences 5 ' -GCTGAGGGCCTACGATGG-3 ' and 5'-TGCCCAG- 
GCGTCGGAACT-3', respectively) was generated by reverse transcrip- 
tion -polymerase chain reaction of endothelial cell RNA. Northern blot- 
ting of total RNA from cont rol and apoE-treated (5 ug/ml for 24 h) SMCs 
was performed using 32 P-labeled perlecan probe. RNA load was normal- 
ized by determining 18 S RNA. 

Data Analysis — Results are expressed as mean ± S.D. Experiments 
were done in triplicate and repeated at least once. Statistical analyses 
were performed by Student's t test to determine the significance of 
change. A significance difference was considered for p values equal to or 
less than 0.05. 

RESULTS 

ApoE Increases Sulfate Incorporation into SMC HSPGs — 
Previous studies showed that addition of apoE increased HSPG 
production in endothelial cells but not in macrophages, which 
predominantly synthesize chondroitin and dermatan sulfate 
PGs (15). Similarly, HSPGs represent only -25% of total PGs 
synthesized by SMCs. To determine whether apoE increased 
HSPGs in SMCs, confluent monolayers of SMCs were incu- 
bated with apoE (10 /utg/ml) for 16 h, and PGs in cellular and 
secreted pools were determined following DEAE-cellulose pu- 
rification. In different experiments, the total PG level in cells 
was increased by 15-22% and in medium by 25-30% in apoE- 
treated cells (Fig. 1A). Because HSPGs in the media can act as 
inhibitors of cell proliferation, we determined HSPGs in control 
and apoE media. The heparinase-sensitive radioactivity, rep- 
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Fig. I. A, apoE stimulates SMC PGs. Confluent monolayers of SMCs 
in 24-well plates were incubated with apoE (10 jutg/ml) in growth me- 
dium (basal medium containing 5% serum and growth factors) contain- 
ing [ 35 S] sulfate (50 /iCi/well) for 24 h under culture conditions. Sulfate- 
labeled PGs in the cells and media were determined after purification 
by DEAE-cellulose chromatography. Values represent mean ± S.D. B, 
apoE increases SMC medium HSPGs. Purified 35 S-PGs from control 
and apoE-treated SMC media were treated with 1 unit/ml each of 
heparinase and heparitinase for 6 h at 37 °C and precipitated with 
cetylpyridinium chloride. 35 S-Radioactivity in precipitate and superna- 
tant were determined. The digested GAG in the supernatant represent 
HSPGs and the undigested GAG in the precipitate represent chon- 
droitin and dermatan sulfate PGs. C, apoE stimulates [ 3 H] glucosamine 
incorporation into SMC medium HSPGs. To determine whether apoE 
increased HS GAG, PGs were labeled as in A, but with [ 3 H] glucosamine 
and incorporation into medium HSPGs was determined. Values repre- 
sent mean ± S.D. Compared with control, apoE increased [ 3 H] glu- 
cosamine incorporation into PGs by 3-fold, suggesting increased HS 
GAG. However, compared with data in B, the increase in HS GAG was 
higher than the increase in sulfation, suggesting that medium HSPGs 
are relatively under-sulfated in apoE-treated cells. 

resenting HSPGs, was increased by 108% in apoE-treated cells 
(Fig. LB). The amounts of chondroitin and dermatan sulfate 
PGs, which constitute -75% of total medium PGs, were not 
altered by apoE-treatment. These data show that apoE treat- 
ment of SMCs results in an increase specifically in HSPGs. As 
in endothelial cells (15), this increase was found to be primarily 
due to an increase in synthesis (not shown). 
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Fig. 2. ApoE decreases SMC proliferation (A) but increases 
HSPGs per cell (B). Subconfluent SMCs (-35-40%) were incubated 
with control medium containing 35 S0 4 (50 jaCi/ml) or medium contain- 
ing apoE (10 jug/ml) and 35 S0 4 for 24 h. [ 3 H] Thymidine was then added 
and incubated for 6 h. Medium was collected, PGs were purified by 
DEAE-cellulose chromatography, and 35 S0 4 radioactivity in PGs was 
determined. Cells were washed, and [ 3 H] thymidine incorporation into 
DNA was assessed. Data in A show that apoE inhibited proliferation 
([ 3 H] thymidine incorporation) by -49%. Despite decreasing cell num- 
ber, apoE increased the ratio of 35 S0 4 to [ 3 H]thymidine (B), suggesting 
increased HSPG production per cell. 



We also determined the effect of apoE on [ 3 H] glucosamine 
incorporation into PGs. ApoE increased [ 3 H] glucosamine incor- 
poration into HSPGs by about 3.5-fold (Fig. 1C). Thus, the ratio 
of [ 3 H] glucosamine to 35 S0 4 in HSPGs was increased approxi- 
mately by 1.75, suggesting that although HS GAG were in- 
creased by apoE, these HS are relatively under-sulfated. 

ApoE Inhibits SMC Proliferation — The above experiments 
were done on confluent SMCs. We next determined apoE ef- 
fects on proliferating SMCs. Previous studies showed that apoE 
inhibits SMC proliferation stimulated by serum or platelet- 
derived growth factor (10). The growth medium in the current 
experiments contained serum, basic fibroblast growth factor, 
and epidermal growth factor. In different experiments, the 
addition of apoE to the medium inhibited cell proliferation by 
45-55% (both cell number and [ 3 H] thymidine incorporation; 
Fig. 2A) in 24 h. This inhibition was greater than that previ- 
ously observed with 25 jug of apoE (10). 

We examined whether apoE altered HSPGs in proliferating 
cells. Because the cell number is decreased by apoE, by com- 
paring the ratios of 35 S0 4 to [ 3 Hj thymidine, we determined the 
amount of PGs per cell in control and apoE -treated cells (Fig. 
2£). Despite decreasing the cell number, apoE increased the 
ratio of 35 S0 4 to [ 3 H]thymidine (from 2 to 3.46), suggesting 
increased HSPGs per cell. 

HSPGs from ApoE-treated Cells Are Potent Antiprolifera- 
tives — We first examined whether apoE-treated cells contained 
antiproliferative substances in the medium. Conditioned me- 
dium was collected from control and apoE-treated SMCs, and 
apoE was removed by immunoprecipitation (Fig. 3, inset). 
These media were then added to subconfluent SMCs, and cell 
growth was determined after 24 h (Fig. 3A). Control condi- 
tioned medium (CCM) inhibited SMC growth by 18% compared 
with control medium. Conditioned medium from apoE-treated 
cells (ECM) inhibited cell proliferation by 51%, suggesting that 
apoE treatment stimulated the production of antiproliferative 
substances. 

We next determined whether HSPGs in apoE-conditioned 
medium mediated inhibition of cell proliferation. PGs from 
control and apoE -conditioned media were purified by DEAE- 
cellulose chromatography. This procedure also removed any 
remains of apoE from the medium (not shown). Equal amounts 
( 35 S0 4 cpm) of purified PGs were then added to subconfluent 
SMCs in growth medium, and cell growth was determined. PGs 
from apoE-treated cells (Fig. 3£, E-PG) inhibited SMC prolif- 
eration to an extent similar to that of apoE. PGs from control 
cells (Fig. 3£, C-PG), although at a similar level, inhibited SMC 
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Fig. 3. ApoE-treated SMC media contain antiproliferative sub- 
stances. Confluent SMCs were incubated with control medium or me- 
dium containing apoE for 24 h, and conditioned medium was collected. 
Conditioned media collected from control and apoE-treated cells were 
incubated with a polyclonal apoE antibody followed by precipitation 
with protein A-Sepharose. Supernatants of conditioned media were 
tested for antiproliferative effect. Subconfluent SMCs were incubated 
for 24 h in growth medium alone (Control), growth medium containing 
apoE (ApoE), or conditioned medium from control cells (CCM) or apoE- 
treated cells (ECM), [ 3 H] Thymidine incorporation was determined. Val- 
ues represent mean ± S.D. Conditioned medium from apoE-stimulated 
cells (ECM) inhibited cell proliferation better than conditioned medium 
from control cells (CCM), similar to the effect of apoE. Inset, SDS-PAGE 
and Coomassie staining of ECM to demonstrate that apoE is removed 
from ECM by immunoprecipitation: One-milliliter aliquots of ECM 
were either concentrated by Centricon-10 filtration (lane 1) or subjected 
to immunoprecipitation with apoE antibody. Following immunoprecipi- 
tation, ECM supernatant was concentrated by Centricon-10 filtration 
(lane 2). Immunoprecipitate (lane 3) contains a single band of molecular 
weight 34,000 (arrow), which was present in the ECM (lane 1) but not 
in the supernatant following immunoprecipitation (lane 2). B, PGs from 
apoE-treated SMCs are antiproliferative. 3fi S0 4 -PGs from conditioned 
media of control (C-PG) and apoE-treated cells (E-PG) were purified by 
DEAE-cellulose chromatography. Equal amounts of 35 S-labeled PGs 
were then added to fresh subconfluent SMCs and incubated for 24 h. 
pHjThymidine incorporation was determined for 6 h. PGs from apoE- 
treated cells (E-PG) but not from control cells (C-PG) inhibited cell 
proliferation similar to that of apoE. 

proliferation by only 18%. These data suggest that HSPGs from 
apoE-treated SMCs are antiproliferative. 

ApoE Inhibits SMC Proliferation Stimulated by Lysoleci- 
thin — We previously showed that lysolecithin and oxidized low 
density lipoprotein treatment decreases extracellular HSPGs 
(23, 24), and others have shown that these agents stimulate 
SMC proliferation (10, 25). We therefore determined whether 
apoE ability to increase HSPGs would block lysolecithin effects 
on SMC proliferation. Incubation of SMC with lysolecithin 
decreased 35 S0 4 incorporation into PGs by 36% (not shown). 
Concomitant with this decrease, lysolecithin increased [ 3 H] thy- 
midine incorporation into DNA (Fig. 4). Lysolecithin effects on 
SMC proliferation were completely abolished in the presence of 
apoE. These data suggest that agents that modulate HSPGs 
influence cell proliferation. 

ApoE Increases Perlecan Production in SMCs — We next 
characterized the antiproliferative HSPGs in apoE-stimulated 
cells. Perlecan is the major HSPG secreted by vascular cells 
(26). To determine whether apoE increased perlecan secretion, 
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Fig. 4. ApoE inhibits lysolecithin-induced SMC proliferation. 

Subconfluent SMCs were incubated with medium containing 25 /am 
lysolecithin (Lyso), apoE (10 jig/ml), or lysolecithin + apoE (Lyso+E) 
and incubated for 24 h. Proliferation was determined by [ 3 Hj thymidine 
incorporation. Values represent mean ± S.D. 

DEAE-cellulose-purified, [ 3 HJleucine-labeled (core protein-la- 
beled) HSPGs from control and apoE-treated cells were immu- 
noprecipitated by anti-perlecan antibody and analyzed by SDS- 
PAGE and autoradiography (Fig. 5). The radioactivity 
associated with a protein of M r —550,000 (perlecan has a core 
protein of —400,000 containing three HS chains of M r 
—50,000-70,000) was increased by apoE. Concomitant with 
protein increase, apoE also increased perlecan mRNA by 
greater than 2-fold. These data suggest that the antiprolifera- 
tive HSPG in SMC medium is perlecan. 

Effects of ApoE Iso forms — We next studied the effects of 
apoE isoforms to determine whether antiproliferative activity 
correlated with increase in perlecan HSPGs (Fig. 6). ApoE3, 
the most common isoform of apoE, showed maximum stimula- 
tion on perlecan production and inhibition on cell proliferation 
(45%). ApoE2 and apoE4 did not significantly increase perlecan 
HSPGs or inhibit cell proliferation. These data further show 
that the antiproliferative effect of apoE correlates with its 
ability to stimulate perlecan HSPGs. 

The Antiproliferative Effect of ApoE Requires Perlecan — We 
next determined whether the antiproliferative effect of apoE is 
mediated by perlecan. Subconfluent SMCs were incubated with 
control medium or apoE medium containing nonspecific anti- 
body or anti-perlecan antibody (Fig. 1A). Perlecan antibody did 
not affect cell growth under control conditions. ApoE inhibited 
[ 3 H]thymidine incorporation into DNA approximately by 48%. 
In the presence of perlecan antibody, this inhibition was re- 
duced to about 9%. We performed the same experiment with 
human vascular SMCs (Fig. IB). ApoE inhibited SMC prolifer- 
ation by 71%. Perlecan antibody, however, under control con- 
ditions stimulated SMC proliferation by 30-35%. The effect of 
apoE was completely reversed by perlecan antibody. These 
data suggest that perlecan mediates the antiproliferative effect 
of apoE both in rat and human SMCs. 

DISCUSSION 

HSPGs are thought to be important for blood vessel homeo- 
stasis, blood clotting, atherogenesis, and atherosclerosis. Ath- 
erosclerotic vessels have reduced HSPGs, and previous studies 
have shown that apoE-HDL increased endothelial HS, which in 
turn could decrease the occurrence of events related to ather- 
osclerosis (11). ApoE was able to increase secretion of HSPGs in 
both endothelial cells (11) and SMCs (present study). Because 
subendothelial matrix HSPGs produced by apoE-treated endo- 
thelial cells showed strong inhibition of SMC growth, we pos- 
tulated that actions of vascular apoE would regulate SMC 
proliferation in the subendothelial space (11). Our current data 
show direct effects of apoE on SMC HSPGs and thus identify a 
mechanism for the known antiatherogenic effect of apoE. 

The present data strongly suggest that the antiproliferative 
effect of apoE is due to induction of perlecan HSPGs in SMCs. 




Fig. 5. ApoE increases perlecan protein and mRNA SDS-PAGE 
of perlecan. Control (C) and apoE-treated (10 ^g/ml) SMCs were labeled 
with [ 3 H] leucine for 24 h. PGs were isolated from SMC medium and 
purified by DEAE- cellulose chromatography. Purified PGs were immu- 
noprecipitated with anti-perlecan antibody and analyzed by 5% SDS- 
PAGE and autoradiography. A single band with a molecular mass 
slightly higher than 550 kDa (apolipoprotein B (molecular mass, —550 
kDa) was used as a marker) was observed, the intensity of which was 
increased in apoE-treated SMCs. No other bands were seen on SDS 
gels. ApoE increases perlecan mRNA. A 497-base pair polymerase chain 
reaction product representing domain I of perlecan was used for North- 
ern blotting. Total RNA was isolated from control and apoE-treated (10 
/xg/ml, 24 h) SMCs, and Northern blotting was performed using 32 P- 
labeled perlecan probe. A single band with a M r of —15 kb was observed. 
Densitometric analysis (bars) showed that perlecan band intensity, 
expressed as a ratio of perlecan to 18 S RNA, was increased by apoE by 
more than 2-fold. 
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Fig. 6. Effects of apoE isoforms on perlecan production and 
proliferation. Subconfluent SMCs were incubated with medium alone 
or medium containing 10 jig/ml of apoE isoforms (E2, E3, and E4) for 
24 h. PH] Thymidine incorporation was determined. In another exper- 
iment, confluent SMCs were incubated with apoE isoforms in medium 
containing 35 S0 4 , and incorporation into medium PGs was determined 
as described in Fig. 1. 

1) HSPGs isolated from apoE-stimulated cells inhibited prolif- 
eration better than those from control SMCs. 2) ApoE coun- 
tered the effects of lysolecithin, which is known to decrease 
extracellular HSPGs. 3) The antiproliferative effect of apoE 
isoforms correlated with their ability to stimulate perlecan 
HSPGs. 4) An anti-perlecan antibody blocked the inhibitory 
effect of apoE on SMC growth, showing that perlecan is re- 
quired for the antiproliferative effect of apoE. Moreover, apoE 
did not inhibit proliferation of endothelial cells, which are not 
sensitive to HSPG inhibition (27) ([ 3 H]thymidine: control, 
4780 ± 270 cpm; apoE, 5540 ± 330 cpm). Our data are also 
consistent with the observation that both apoE (28) and HSPGs 
(29) inhibit mitogen-activated protein kinase, a key signaling 
pathway in cell growth. 

ApoE treatment increased both perlecan mRNA and protein. 
Perlecan, the major HSPG of endothelial cells and SMCs (26), 
consists of a core protein of M r -450,000 to which three HS 
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Fig. 7. The antiproliferative effect of apoE requires perlecan. 

Subconfluent rat SMCs (A) or human SMCs (B) were incubated with 
medium alone (control), medium containing 10 jug/ml perlecan antibody 
(Pab), medium containing 10 jtig/ml apoE (E), or apoE and perlecan 
antibody (E+Pab) for 24 h. [ 3 H] Thymidine incorporation was 
determined. 

chains with a molecular mass of ~70 kDa are attached at one 
end of the molecule. The core protein consists of five consecu- 
tive domains with homologies to molecules involved in control 
of cell proliferation, lipoprotein uptake, and cell adhesion. Per- 
lecan core protein can mediate cell adhesion and interact with 
other matrix proteins, and it plays a critical role in matrix 
assembly. HS chains of perlecan can bind growth factors. Al- 
though in vitro all isolated HSPGs are effective inhibitors of 
SMC proliferation, the identity of the antiproliferative HSPGs 
in vivo is not known. Cell surface HSPGs are required for the 
mitogenic activity of several growth factors (12) and thus are 
unlikely to inhibit cell growth. Extracellular HSPGs, on the 
other hand, either by sequestering the growth factors or by 
other signaling mechanisms, can inhibit cell proliferation. Our 
data for the first time identify direct effect of perlecan on SMC 
growth and its requirement to mediate the antiproliferative 
effect of apoE. 

Perlecan was shown to negatively correlate with SMC pro- 
liferation (30), and it was shown to inhibit Oct-1, a growth- 
related transcription factor (31). In certain cell types, however, 
blocking perlecan production via antisense DNA inhibited cell 
growth (32-34). It is conceivable that perlecan under normal 
conditions is required for matrix assembly and cell growth; 
however, excess perlecan in medium that is not deposited into 
the matrix may block growth factor binding and activity. Sup- 
port for this comes from the observations that perlecan core 
protein can bind cell surface integrins and support cell growth 
(35) and that serum induces perlecan production at early time 
periods but decreases at later time periods (36). 

It is not clear why excess perlecan remained in the medium. 
It is conceivable that the amount of perlecan in the matrix is 
saturating, leading to accumulation in the medium. Alterna- 
tively, perlecan produced by apoE-stimulated cells is different. 
The data shown in Fig. 1C suggest that HS chains in perlecan 



are under-sulfated. Perlecan interaction with surrounding ma- 
trix proteins, such as laminin and collagen, requires both core 
protein and HS chains (37). It is conceivable that reduced 
sulfation affects perlecan HS interactions with laminin or other 
perlecan molecules, thereby reducing its ability to incorporate 
into matrix. 

The antiproliferative effect of perlecan is likely due to the HS 
chains. Although it is not entirely clear how HS inhibits cell 
proliferation, several mechanisms have been proposed (29, 38- 
40). We are surprised, however, by the observation that perle- 
can antibody, which reacts with domain III of perlecan, com- 
pletely blocked perlecan effect. Domain III is thought to 
mediate cell adhesion (26), and attachment to the matrix and 
spreading is a key part of cell growth. Perlecan antibody, as 
shown in Fig. 7 in control conditions, either did not affect or 
stimulated SMC growth. However, when added during the 
seeding of SMCs, perlecan antibody inhibited SMC growth by 
>40% (not shown). We propose that perlecan in matrix is 
required for cell growth and that excess unincorporated perle- 
can may engage the SMC surface molecules involved in cell 
attachment and spreading. Studies have shown both adhesive 
and antiadhesive functions for perlecan (26, 41, 42), and the 
current studies may offer an explanation why this occurs. 

Vascular cells produce a variety of growth promoters and 
inhibitors (43). Physiol ogically relevant agents that stimulate 
SMC proliferation include platelet-derived growth factor, 
thrombin, oxidized low density lipoprotein, and lysolecithin. 
Vascular cell derived growth inhibitors include transforming 
growth factor- /3, nitric oxide/cGMP, and apoE. Going through 
published literature on perlecan regulation, we identified an 
interesting possibility that perlecan may be the key for modu- 
lation of SMC growth. Platelet-derived growth factor (44), 
thrombin (45), serum (36), oxidized low density lipoprotein, and 
lysolecithin (23, 24), which stimulate SMC growth, decrease 
perlecan. In contrast, the antiproliferative agents transforming 
growth factor- J3 (46), apoE (present study), and even heparin 
(47) stimulate perlecan expression. Thus, we postulate that 
modulation of perlecan is key to regulation of cell growth. 

The observation that apoE up-regulates perlecan may have 
implications in other physiological and pathological processes. 
Perlecan is known to modulate angiogenesis (48). It remains to 
be determined whether apoE could be an angiogenic factor in 
vivo. ApoE induction of perlecan may also have implications in 
the pathogenesis of Alzheimer's disease. Brains of patients 
with Alzheimer's disease accumulate deposits of j3-amyloid pro- 
tein. The /3-amyloid protein-containing deposits in the vessel 
wall are primarily associated with SMCs, endothelial cells, and 
the surrounding matrix, and studies showed that perlecan is 
associated with the j3-amyloid protein deposits (49). It remains 
to be determined whether apoE can induce perlecan production 
in neuronal cells, and if this occurs, it is conceivable that 
production of soluble perlecan may compete for /3-amyloid pro- 
tein binding to matrix perlecan. Soluble HS-like molecules can 
inhibit amyloid progression in mice (50). 

How apoE stimulates perlecan and what cell surface mole- 
cule^) mediates apoE actions remain to be determined. Based 
on previous studies, both HSPGs and receptor-associated pro- 
tein-sensitive pathways may mediate apoE effects on perlecan 
(11). ApoE-/3-very low density lipoprotein, which binds poorly 
to HSPGs (51), does not inhibit DNA synthesis (52), and RAP at 
high concentrations could affect apoE binding to HSPGs (53); 
thus, it is conceivable that cell surface HSPGs directly mediate 
apoE effect (54). It should be noted that demonstration of 
requirement for cell surface HSPGs in mediating the antipro- 
liferative effect of apoE is difficult as agents that interfere with 
cell surface HSPGs, such as heparinase, heparin, and chlorate, 
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independently inhibit cell proliferation (55, 56). Cell surface 
syndecan is beginning to be recognized as a signaling receptor 
(57). Alterations in the phosphorylation state of syndecan may 
affect cell growth. It remains to be determined whether apoE 
alters syndecan phosphorylation and whether this is required 
for its antiproliferative effect. ApoE is also known to stimulate 
nitric oxide and cGMP production (9), which are antiprolifera- 
tive (58). Although the role of this pathway in SMC prolifera- 
tion was not determined (28), preliminary results showed that 
nitric oxide donor and cGMP can increase HSPG production in 
SMCs (not shown). Perlecan promoter has cAMP responsive 
elements (46). Thus, it is conceivable that increased cGMP or 
cAMP will induce transcription of perlecan mRNA through 
activation of specific transcription factors. 

In summary, our data show that the antiproliferative effects 
of apoE are mediated by perlecan. We postulate that modula- 
tion of perlecan is a key step in regulating SMC growth. Factors 
that increase perlecan inhibit cell growth, whereas those that 
decrease perlecan stimulate cell growth. 
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Evidence is presented for the differential effects of 
two isoforms of apolipoprotein (apo) E, apoES and 
apoE4, on neurite outgrowth and on the cytoskeleton of 
neuronal cells (Neuro-2a) in culture. In the presence of a 
lipid source, apoE3 enhances and apoE4 inhibits neurite 
outgrowth. Immunocytochemical studies demonstrate 
that there is a higher concentration of apoES than 
apoE4 in both the cell bodies and neurites. Cells treated 
with apoE4 showed fewer microtubules and a greatly 
reduced ratio of polymerized to monomelic tubulin than 
did cells treated with apoE3. The effect of apoE4 on 
depolymerization of microtubules was shown by bio- 
chemical, immunocytochemical, and ultrastructural 
studies. The depolymerization of microtubules and the 
inhibition of neurite outgrowth associated with apoE4 
suggest a mechanism whereby apoE4, which has been 
linked to the pathogenesis of Alzheimer's disease, may 
prevent normal neuronal remodeling from occurring 
later in life, when this neurodegenerative disorder 
develops. 



Apolipoprotein (apo) 1 E is a 34-kDa protein component of 
lipoproteins that mediates their binding to the low density 
lipoprotein (LDL) receptor and to the LDL receptor-related 
protein (LRP) (1-4). Apolipoprotein E is a major apolipoprotein 
in the nervous system, where it is thought to redistribute 
lipoprotein cholesterol among the neurons and their supporting 
cells and to maintain cholesterol homeostasis (5-7). Apart from 
this function, apoE in the peripheral nervous system functions 
in the redistribution of lipids during regeneration (8-10). 

There are three common isoforms of apoE (apoE2, apoE3, and 
apoE4) that are the products of three alleles (e2, e3, and e4) at a 
single gene locus on chromosome 19 (11). Apolipoprotein E3, the 
most common isoform, has cysteine and arginine at positions 112 
and 158, respectively, whereas apoE2 has cysteine at both of 
these positions and apoE4 has arginine at both (1, 12). 
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Accumulating evidence demonstrates that the apoE4 allele 
(e4) is specifically associated with sporadic and familial late- 
onset Alzheimer's disease and is a major risk factor for the 
disease (13-16). In accord with these findings, apoE immuno- 
reactivity is associated with both the amyloid plaques and the 
intracellular neurofibrillary tangles seen in postmortem exam- 
inations of brains from Alzheimer's disease patients (17, 18), 
The mechanism by which apoE4 might contribute to Alzhei- 
mer's disease is unknown. However, our recent data demon- 
strating that apoE4 stunts the outgrowth of neurites from 
dorsal root ganglion (DRG) neurons suggest that apoE may 
have a direct effect on neuronal development or remodeling (19, 
20). In an extension of these previous studies, we have now 
examined the effects of the apoE isoforms on neurite outgrowth 
and on the cytoskeleton of Neuro-2a cells, a murine neuroblas- 
toma cell line. Apolipoprotein E4 inhibits neurite outgrowth 
from these cells, and this isoform-specific effect is associated 
with depolymerization of microtubules, 

EXPERIMENTAL PROCEDURES 

Cell Lines — Murine neuroblastoma (Neuro-2a) cells and murine fi- 
broblasts (BALB/c) were obtained from American Type Culture Collec- 
tion (Rockville, MD). Neuro-2a cells were maintained at 37 °C in a 
humidified 5% C0 2 incubator in Dulbecco's modified Eagle's medium- 
nutrient mixture (DMEM/F12; 50%:50%) containing 10% fetal bovine 
serum, penicillin, and streptomycin. For experiments, Neuro-2a cells 
were plated in this medium in 6-well plates at 25,000 cells/well. After 
3-6 h of incubation, the medium was replaced with N2 medium 
(DMEM/F12 containing growth supplements) alone (21), N2 medium 
containing rabbit ^-migrating very low density lipoproteins (/3-VLDL) 
alone (40 ug cholesterol/ml), or N2 medium containing /3-VLDL and 
either purified human apoES (30 ptg/ml) or purified human apoE4 (30 
ju-g/ml), and the cells were incubated for an additional 48 h. BALB/c 
fibroblasts were maintained in DMEM containing 10% fetal bovine 
serum, penicillin, and streptomycin at 37 °C in a humidified 7% C0 2 
incubator. Experiments with BALB/c cells were performed in DMEM. 
Rabbit j3- VLDL from cholesterol-fed animals were isolated as described 
(22), and human apoE was purified from the plasma of apoE3 and 
apoE4 homozygotes (23); biological activity was assessed by LDL recep- 
tor-binding assay (24). 

Quantitation of Neurite Outgrowth— To assess neurite outgrowth, 
Neuro-2a cells were grown in test reagents and then nonspecifically 
stained with 1 , 1 '-dioctadecy 1-3,3 ,3 ' ,3 '-tetramethylindocarbocyanine 
(Dil) and fixed with 4% paraformaldehyde, as described previously (20). 
Neurons were imaged in fluorescence mode with a confocal laser scan- 
ning system (MRC-600, Bio-Rad), and the images were digitized with 
an Image- 1/AT image analysis system (Universal Images, West Ches- 
ter, PA) (20). The neuronal images were coded, and the neurite exten- 
sion (the distance from the cell body to the end of the longest neurite) 
was measured for each neuron. Approximately 50-60 treatment-re- 
sponsive cells {cells with at least one neurite longer than the diameter 
of the cell body) were measured for each treatment condition, and the 
data were calculated as the percent difference between each treatment 
group and the matched control (N2 medium alone) for each experiment. 
The percent differences for the different experiments then were aver- 
aged. The value for the N2 medium alone was set at 100%. Data are 



a 

o 

s 

o 

0) 
CD 

I 

3 



a* 
o 

b 

a 

^< 
o 

O 
o 

l-t- 

o 

CD 



N) 

O 
O 



19791 



19792 



Apolipoprotein E4 Depolymerizes Neuronal Microtubules 



"•"so 



o 

is 



presented as the mean ± S.E. Statistics were done using Stat View II 
software. 

Immunocytockemistry — Immunocytochemistry of apoE was per- 
formed on Neuro-2a cells and fibroblasts incubated for 48 h with 
/3-VLDL and either apoE3 or apoE4. Cells were fixed for 3 days at 4 °C 
in PBS containing 3% paraformaldehyde and 0.1% glutaraldehyde and 
quenched with 150 mM sodium acetate in PBS containing 0.1% milk 
powder (quench buffer). The cells were further incubated for 15 min at 
room temperature in quench buffer with or without 0.5% Triton X-100. 
The cells were then washed with PBS containing 15 mM sodium acetate 
and 0.1% nonfat dry milk (wash solution) and incubated with a poly- 
clonal antibody to apoE (GHE) at a concentration of 1:1000 in wash 
solution containing goat serum (1:50 dilution) for 1 h at room temper- 
ature followed by extensive washes with wash solution. The secondary 
antibody (anti-rabbit IgG conjugated to Texas Red, Vector Laboratories, 
Burlingame, CA) was incubated for 1 h before use at a 1:100 dilution in 
PBS containing 10% fetal bovine serum. The cells were washed with 
PBS and coverslipped, and serial optical sections (-1 jim in thickness) 
were made using a confocal laser scanning microscope. 

Immunocytochemistry to detect tubulin was performed on Neuro-2a 
cells and fibroblasts grown for 48 h in medium alone, with 0-VLDL 
alone, or with /3-VLDL and either apoE3 or apoE4. Following incubation 
with test reagents, the medium was aspirated, and the cells were 
washed twice with PBS. The cells were fixed for 1 h at room tempera- 
ture in 10 mM HEPES, pH 7.2, containing 100 mM KC1, 3 mM MgCl 2 , 300 
mM sucrose, 1 mM phenylmethylsulfonyl fluoride, 1 mM EGTA, 0.5% 
Triton X-100, 2% paraformaldehyde, and 0.1% glutaraldehyde, followed 
by several quick washes with PBS. The cells were quenched with 0.05 
M ammonium chloride in PBS for 5 min at room temperature and 
blocked for 1 h at room temperature with 3% bovine serum albumin 
(BSA) in PBS. Immunocytochemistry was performed for 45 min at room 
temperature, using a monoclonal antibody to /3-tubulin (Boehringer 
Mannheim) at a concentration of 1 \i%fm\ in PBS containing 1% BSA. 
Following incubation, the cells were washed five times with PBS con- 
taining 0.1% BSA and then incubated for 30 min in the dark with goat 
anti-mouse IgG (Zymed Laboratories Inc., South San Francisco, CA) 
conjugated to fluorescein isothiocyanate (10 jd/nd) in PBS containing 
1% BSA. Cells were coverslipped, and optical sections of 0.5 ^im thick- 
ness were made using a Bio-Rad MRC-600 confocal laser scanning 
microscope; the sections were overlaid to obtain a composite image. 

For localization of actin, the medium was aspirated, and the cells 
were washed twice with PBS. Cells were fixed with 3% paraformalde- 
hyde in PBS, washed twice with PBS, and permeabilized for 5 min at 
room temperature with 0.25% Triton X-100 in PBS containing 1% BSA. 
The permeabilized cells were washed twice with PBS and incubated for 
30 min at room temperature in PBS containing 5 units/ml of rhodam- 
ine-labeled phalloidin (Molecular Probes, Eugene, OR). The cellB were 
washed twice with PBS and coverslipped, and optical sections were 
made as described above. 

In immunocytochemistry experiments, 15—20% of the cells did not 
respond to the treatments and were similar to control neurons. These 
cells may represent cells injured during plating. 

12S J-ApoE Binding Assay — The cells were grown in 12-well plates 
until they reached half of maximal confluence. Cells were washed with 
medium and incubated with /3-VLDL (40 /*g cholesterol/ml) along with 
30 Aig/ml of either l26 I-apoE3 or 126 I-apoE4 for 48 h. Following incuba- 
tion, the medium was removed and the cells were washed four times 
with PBS containing 0.2% BSA at 4 °C. The cells were solubilized with 
0.1 N NaOH and assayed for protein, and radioactivity was determined 
by gamma counting. Apolipoprotein E was iodinated using Bolton- 
Hunter reagent (Amersham Corp.) according to the manufacturer's 
instructions. The average specific activity was 50 counts/min/ng apoE. 

Electron Microscopy of Neuro-2a Cells — Neuro-2a cells were incu- 
bated with test reagents as described above. Following incubation, the 
cells were lifted from the plates using 0.05% trypsin and 0.5 mM EDTA 
and pelleted by centrifugation. Cells were fixed for 1 h with 2.5% 
glutaraldehyde in 0.1 m cacodylate buffer and post-fixed for 1 h in 2% 
Os0 4 . The cells were dehydrated, embedded in Epon 812, sectioned (80 
nm) using a Reichert Ultracut E, and stained with uranyl acetate and 
lead citrate. The cells were photographed using a JEOL CX-100II 
electron microscope. Consistent results were obtained in three inde- 
pendent experiments performed with fresh preparations of apoE and 
0-VLDL. 

Binding of 125 I-ApoE to Microtubules — Neuro-2a cells in a 100-mm 
plate were grown to confluence as described above, scraped from the 
plate in PBS, and lysed by sonication in PME buffer, pH 7.2 (80 mM 
PIPES, 1 mM MgCl 2 , 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 
5 /Ag/ml leupeptin), containing 1 mM GTP. The solution was centrifuged 



and pelleted cell debris discarded. The supernatant was incubated at 
37 °C for 1 h to facilitate tubulin polymerization. The resultant pellet of 
microtubules was resuspended in PME buffer, aliquoted into microfuge 
tubes, and incubated at 37 °C with either 125 I-apoE3 (2 /ig/ml) or 126 I- 
apoE4 (2 ug/ral). Following incubation, the samples were centrifuged 
for 1 h at 100,000 X g to separate the free 126 I-apoE from that bound to 
microtubules. The radioactivity associated with the supernatant and 
pellet was estimated by gamma counting. 

Immunoblotting of Tubulin — Neuro-2a cells were incubated with test 
reagents, and cell extracts were prepared as described above. An aliquot 
of each extract containing an equal amount of protein was centrifuged 
through a sucrose cushion (PME + 20% sucrose) at 100,000 x g for 1 h 
at 37 °C to separate the microtubules (polymeric tubulin preparation) 
from the tubulin (monomelic tubulin preparation). The monomelic 
tubulin preparation was polymerized for 1 h at 37 °C by incubating the 
sample in PME buffer containing 20% sucrose and 1 mM GTP, followed 
by centrifugation as described above (25). The polymeric tubulin prep- 
aration was subjected to a temperature-dependent depolymerization- 
polymerization cycle to remove cellular debris, followed by centrifuga- 
tion to obtain the microtubules. Aliquots of the cell extract (total 
tubulin) and the monomeric and polymeric tubulin preparations were 
subjected to 12% SDS-polyacrylamide gel electrophoresis under reduc- 
ing conditions and immunoblotted using a monoclonal antibody to a-tu- 
bulin (ICN, Irvine, CA) at a dilution of 1:100, as described by the 
manufacturer. The tubulin bands in the immunoblots were quantitated 
by densitometry (Ambis Systems, San Diego, CA). The value obtained 
with N2 medium alone was set at 100%, and the data were calculated 
as the percent difference between each treatment group and the 
matched control (N2 medium alone) for each experiment. The percent 
differences for the different experiments then were averaged. Data are 
presented as the mean ± S.E. Statistics were done using Stat View II 
software. 

Other Assays and Methods — Protein assay was performed as de- 
scribed (26). The amount of cholesterol in cells incubated for 48 h with 
/3-VLDL (40 /ig cholesterol/ml) and human apoE3 or apoE4 (30 /xg/ml) 
was assayed using a commercially available kit (Monotest, Boehringer 
Mannheim). The t 3 H]thymidine incorporation assay was performed 
with Neuro-2a cells incubated with /3-VLDL and apoE3 or apoE4 using 
a previously published procedure (27). The lactate dehydrogenase assay 
was performed as described (28). The Dil-labeled 0-VLDL uptake was 
performed as described (19). 

RESULTS 

Differential Effects of ApoE3 and ApoE4 on Neurite Out- 
growth — Our previous studies examined the effects of apoE and 
lipoproteins on the outgrowth of neurites from primary rabbit 
DRG neurons in vitro (19, 20). The addition of purified human 
apoE3, together with rabbit /3-VLDL (cholesterol-rich lipopro- 
teins), increased neurite extension from these peripheral nerv- 
ous system neurons, whereas apoE4 when added to the cells 
together with /3-VLDL inhibited neurite outgrowth. 

In this study, we found a similar differential effect of apoE3 
and apoE4 on the outgrowth of neurites from Neuro-2a cells. In 
the presence of /3-VLDL, apoE3 and apoE4 had dramatic iso- 
form-specific effects on neurite outgrowth from Neuro-2a cells, 
as assessed by phase contrast microscopy (Fig. 1). Incubation of 
the cells with /3-VLDL (Fig. IB) stimulated neurite outgrowth 
slightly as compared with cells grown in N2 medium alone (Fig. 
LA); however, a more dramatic effect was seen with the addi- 
tion of apoE. Cells incubated with apoE3 and /3-VLDL (Fig. 1C) 
had more neurite extension than cells incubated with /3-VLDL, 
whereas cells incubated with apoE4 and /3-VLDL had less 
neurite extension (Fig. ID). These observations were confirmed 
when neurite outgrowth was quantitated using an image anal- 
ysis system (Fig. 2). Incubation of the cells with £-VLDL en- 
hanced neurite extension, as compared with cells maintained 
in N2 medium alone (Fig. 2). Addition of human apoE3 with 
/3-VLDL further increased the extension (p < 0.005), whereas 
human apoE4 along with /3-VLDL significantly reduced neurite 
extension as compared with the extension observed from cells 
incubated with 0-VLDL (p < 0.001). 

Three different studies were performed to rule out a general 
toxic effect of apoE4 on neurons. We assayed lactate dehydro- 
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Fig. 1. Effect of apoE on neurite outgrowth from Neuro-2a cells. Neuro-2a cells were grown for 2 days in N2 medium alone (A), in N2 
■medium with 0-VLDL (40 /utg of cholesterol/ml) (S), or in N2 medium with £-VLDL (40 ug of cholesterol/ml) and 30 jug/ml of either human apoEB 
(C). or human apoE4 CD). Cells were photographed using a phase contrast microscope. Scale bur ■** 25 jim. 

from the cells in culture and addition of medium alone or 
medium containing B-VLDL resulted in normal outgrowth 
(data not shorn). These findings taken together demonstrate 
that the inhibitory effect of apoE4 on neurite outgrowth is not 
due to a cytotoxic effect of apoE4 on the cells. 

To determine if lipoproteins were required for the differen- 
tial effects of apoE3 and apoE4, the cells were incubated with 
free apoE for 48 h and the effects on neurite outgrowth exam- 
ined. In the absence of lipoprotein, neither apoE3 nor apoE4 
had an effect on neurite extension (data not shown). This result 
suggests that receptor-mediated endocytosis of apoE is neces- 
sary for the differential effects on neurite outgrowth, as previ- 
ous studies have shown that apoE is a ligand for the LDL 
receptor and the LRP only when it is present on lipoproteins 
(1-3, 29). 

Metabolism and Localization of ApoES and ApoE4 in 
Neura~2a Ceils — In several nonneuronal cell lines it has been 
demonstrated that apoE-containing lipoproteins follow a clas- 
sic receptor-mediated endocytotic pathway by which the li- 
gands are delivered to lysosomes where they are degraded (1-3, 
12). Both apoE3- and apoE4~containmg lipoproteins exhibit 
similar binding activity in nonneuronal cells (1, 22, 30). How- 
ever, recent studies showing apoE immunoreactivity in the 
cytoplasm of neurons (31) suggest differences between neuro- 
nal and nonneuronal cells in the metabolism of apoE. 

We first examined the ability of /3-VLDL together with either 
apoE3 or apoE4 to deliver lipids to the cells. Incubation of the 
cells with p-VLBL and apoE3 or apoE4 for 48 h did in fact lead 
to similar levels of lipid accumulation (apoE3 * 0-VLDL, 115 ± 
3.9 ug cholesterol/mg of cell protein; apoE4 4- 0-VLDL, 121 ± 
5.8 \ug cholesterol/mg of cell protein), suggesting that the stim- 
ulation of /3-VLDL uptake was similar with the two apoE iso- 
forms. In comparison, Neuro-2a cells accumulated 20 ± 0.9 and 
86 ± 2.6 ug of cholesterol/mg of cell protein when incubated 



Pig. 2. Quantitation of the effect of apoE on neurite extension 
from Neuro-2a cells. Neuro-2a cells were incubated with test reagents 
as described in the legend to Fig. 1. Neurite extension then was meas- 
ured for 50 ~S0 neurons from each group as described under *Experi- 
mental Procedures/' Data were calculated as the percent difference 
between each treatment group and the matched control <N2 medium 
alone> for each experiment. The percent differences for the various 
experiments then were averaged. The value for the N2 medium alone 
was set at 100% (dashed tine). Data are presented as the mean ± S.E. 



genase activity, a commonly used indicator of cell death, meas- 
ured thymidine incorporation into DNA as an indication of cell 
replication, and examined the ability of the cells to develop 
neurites following incubation with apoE4 and 0-VLDL. No 
significant differences in lactate dehydrogenase activity (apoE3 
+ 0-VLDL, 212 £ 26.2 units/ml; apoE4 4- p*VLDL, 205 ± 22 
units/ml) or pHjthymidine incorporation into DNA (apoE3 + 
/^•VLDL, 17.37 ± L66 counts/min X 10 6 ; apoE4 4- /3-VLDL, 
1.8.13 ± 1.42 counts/min X 10 6 ) were seen with cells incubated 
with 0-VLDL and either apoES or apoE4. The inhibitory effect 
of apoE4 was reversible, since removal of apoE4 and 0-VLDL 
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FiG, 3. Immunocy fcochemical localization of apoE in Neuro«2a 

Neuro-2a cells were grown for 2 days in medium containing 
/3-VLDL (40 ^tg of chokstorol/'ml) together with 80 Mg/ml of either 
human apoEB (A) or human apoE4 (B). Immunocytochemisiry *was 
performed as described under ' Experimental Procedures/ Serial opti- 
cal sections ( I /xm in thickness) were made from the top (section t) to 

the bottom [section 6) of the cells using a confocal laser scanning 
microscope. Scafa bar » 15 ^tm. 

with N2 medium and jEJ-VLDL alone, respectively. Examination 
of the uptake of fluorescently labeled /3~VLBL in the presence of 
either apoES or apoE4 supported the conclusion that apoE3 
and apoE4 stimulated 0-VLDL uptake similarly. 
To determine whether apoE3 and apoE4 were processed 





Fig. 4. Cell association of * 25 I»apoE with Neuro*2a cells. 

Neuro-2a cells were grown for 2 days in medi um containing /3-VLDL (40 
fig of cholesterol/ml) together with 30 /xg/mi of either' m I-apo£3 or 
12 *I~apoE4. Following incubation, the radioactivity associated with the 
cells (representing bound and internalised apoE) was determined as 
described under "Experimental Procedures/' The experiment was re- 
peated five times, each time with a fresh preparation of r ^I-apoE and 
/3-VLDL. The data are presented as the mean ± S.E. 

differently by neurons and by fibroblasts, we incubated 
Neuro~2a cells or murine fibroblasts with apoES or apoE4 in 
the presence of 0-VLDL and examined the accumulation of 
apoE in the cells. Immunoeytochemical detection of apoE in 
Neuro-2a cells incubated with ^-VLDL and either apoE3 or 
apoE4 revealed that both isoforms were present within neu- 
rons (Fig, 3), There was, however, a substantial difference in 
the intensity of reactivity of apoE3 (Fig, 3A) and apoE4 (Fig. 
38). Apolipoprotein E8 was present both in the cell body and in 
the. neurites at a substantially higher concentration than was 
apoE4 (Fig. 3, A andB). Both apoES and apoE4 were observed 
in nearly all serial optical sections made throughout the cell 
suggesting that apoE was intracellular (Fig. 3, A and B). 

The possibility that apoE was localized intracellular^ was 
examined using two additional approaches. First, Neuro»2a 
cells were incubated with 0-VLDL and either apoES or apoE4 
and treated with suramin (a poly anion known to remove li- 
poproteins nonspecitteally bound to the ceil surface and specif- 
ically bound to their receptors), followed by immimocytochem- 
istry for apoE. Treatment with suramin did not significantly 
reduce the apoE immunoreactivity associated with the cells. 
Second, immunoeytochemical studies were performed in cells 
that were not permeabilixed to permit access of antibody to the 
cytoplasm. No immunoreactivity of apoE was observed in non- 
permeabilked cells incubated with |3-VLDL together with ei- 
ther apoEB or apoE4. These results demonstrated that the 
apoE was intracellular. The observed intracellular accumula- 
tion of apoE was unexpected, since lipoproteins and their ap- 
oproteins, when internalized by nonneuronal cell types, are 
rapidly degraded. To determine if the accumulation of apoE 
was specific to neurons, we performed similar immunocyto- 
chemistry experiments in murine fibroblasts, In these studies 
no apoE immunoreactivity was observed in the fibroblasts in- 
cubated with 0-VLDL and either apoES or apoE4, suggesting 
either that apoE enters neurons and fibroblasts through differ- 
ent pathways or that in neurons apoE, especially apoE3, can 
escape lysosomal degradation. These results demonstrate that 
apoE3 is retained in Neuro-2a ceils to a greater extent than. 
apoE4 and that the metabolism of apoE in neuronal and non- 
neuronal cells is different. 

The differences observed in the accumulation of apoES and 
apoE4 were confirmed by incubating the neurons with VM *1- 
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Fig. 5. Immunoeytochemical local- 
ization of tubulin in Neuro-2a ceils. 

Neuro-2a cells were incubated with test 
reagents as described in the legend to Fig, 
1. Immuiiocytoehemistry was performed 
using a monoclonal antibody to 0-tubuIin 
and visualized using a fluoreseem-laheled 
secondary antibody. Optical sections (0,5 
fxm in thickness) were made using a con- 
focal microscope, and sections were over- 
laid to obtain a reconstructed image. Re- 
constructed images of cells incubated in 
medium alone (A), in medium containing 
jS-VLDL (40 jug cholesterol/ml) iB) } or in 
medium containing 0-VLDL together 
with 30 |ig/ml of either human apoES (C) 
or human apoE4 aie shown (D). Repre- 
sentative individual optical sections near 
the top (E and G) and center (F and H) of 
cells incubated with /3-VLDL and either 
apoE3 (E and F) or apoE4 (Q and H) also 
are shown. Scale bar ^ 7 ixm. 
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labeled apoE and £~VLDL at 37 °C for 48 h, arid the amount of 
cell-associated apoE (hound ami internalized) was quantitated. 
A differential accumulation of m I-apoE was observed, with 
twice as much 12r> I-apoE3 as 125 I-apoE4 being associated with 
the* cells at the end of the incubation period (Fig, 4). 

Effects ofApoES and ApoE4 on the Microtuhidar Architecture 
of Neuroma Cells — Microtubules and their associated proteins 
play a crucial role in neurite outgrowth (32-37). Because apoE 
accumulates in the neurons and affects neurite outgrowth, we 
hypothesized that it also might affect tubulin polymerization 
and microtubule formation. Imniunocytoehemistry and elec- 
tron microscopy were used to examine the cells incubated in 
medium alone, in medium containing /3-VLDL, and in medium 
containing 0-VLDL together with either apoES or apoE4. In 
cells grown in medium alone (Fig, 5A)> with j^VLDL alone (Fig, 



58), or with /3-VLDL and apoE3 (Fig. 5C), a well-formed net- 
work of microtubules was observed by immunocytochemistry: 
In contrast, in cells incubated with apoE4 and /3-VLDL, few 
well-organized microtubules were present {Fig. 5D X The tubu- 
lin immunoreactivity in the apoE4-treated cells was diffuse 
throughout the cell body and in numerous cell-surface projec- 
tions (consistent with the presence of monomeric tubulin) (38)> 
The photomicrographs in Fig. 5 (A-D) are composites of all 
optical sections. However, we also analyzed individual optical 
sections visualizing various levels through die cells (Fig. 5, 
E~H ) to ensure that the presence of microtubules in the apo£4- 
treated cells was not obscured by the diffuse tubulin staining. 
In cells treated with j3-VLDL and apoE4 (Fig. 5, G andr/) ? none 
of the optical sections contained well-formed microtubules, 
whereas in cells incubated with /3-VLDIi and apoE3 (Fig, 5, E 
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Via. 6. imm unocy tochemical local- 
ization of tubulin in fibroblasts. 

BALB/c fibroblasts were incubated for 2 
days in medium alone (A), in medium con- 
taining (40 /ig cholesteroVml) 
(B), or in medium containing p-VLDL to- 
gether with 30 /xg/ml of either human 
apoE3 (€) or human apoE4 (D). Immuno- 
cytochemistry for 0-tubulin was per- 
formed as described in the legend to Fig. 
5. Scale bar ™ * 
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Fro. 7. Localization of actin in 
Neuro«2a cells. Neuro-2a cells were in- 
cubated with test reagents as described in 
the legend to Fig. 1, Act in was detected 
using r hod a m ine-pha 1 1 oi di n . Optical sec- 
tions (1 pro in thickness) were made using 
a confocal microscope, and sections were 
overlaid to obtain a reconstructed image, 
Reconstructed images of cells incubated 
in medium alone (A), in medium contain- 
ing 0*VLDL (40 jug cholesterol/ml) (Bh or 
in medium containing j3-VLDL together 
with 30 p,g/ml of either human apo£3 (C) 
or human apo£4 are shown CD). SWc 6ar 
- 8 /xm. 



and F), numerous microtubules were seen in nearly all of the 
sections. When similar experiments were performed with mu- 
rine fibroblasts, no significant difference in microtubular mor- 
phology was observed among cells treated with medium alone 
(Fig. 6A), medium containing /3-VLDL (Fig. 6£>, or medium 
containing p-VLDL together with either apoES (Fig. 6C) or 
apoE4 (Fig. 6D). 

Additional experiments were performed to determine if 
apo.E4 disrupts other cytoskeletal structures, such as actin 
filaments. As shown in Fig. 7, no significant difference in actin 
morphology was evident among Neuro-2a cells from the four 
treatment conditions when actin was detected using rhodam- 
me-phalloidin. 

To confirm the fluorescence microscopy data and to examine 
the effect of apoE on the microtubular architecture in the 
neurites of Neuro-2a cells, we performed electron microscopic 
studies. Long parallel arrays, identified by morphologic ap- 
pearance and size (-22 nra in width) as microtubules, were 
present in cells grown in medium alone (Fig, M), /3-VLDL 
alone (Fig. SB), and 0-VLDL and apoEB (Fig. 8C). In contrast. 



in cells treated with apoE4 and /3-VLDL, only a few fragments 
of microtubules Were observed both in the cell body and neu- 
rites (Fig. BD). Ail of these data taken together demonstrate 
that the differences in neurite outgrowth induced by apoE3 and 
apoE4 are associated with differences in microtubular forma- 
tion and suggest that apoE4 depolymerizes microtubules in 
neuronal cells. 

Effects of ApoE on the Polymerization State of Tubulin in 
Neuro-2a Cells — V -urther studies were performed to determine 
whether apoE associates with microtubules and to determine by 
biochemical assays if the amount of polymerized tubulin differed 
in the cells treated with apoE3 or apoE4, To determine if apoE 
associates with microtubules, total tubulin was extracted from 
the cells grown in medium alone and polymerized in vitro. This 
partially purified preparation, which contained microtubules and 
mierotubule-associated proteins, was tested for its ability to bind 
apoE3 and apoE4. When 125 I-apoE was incubated with the par- 
tially purified microtubules from Neuro~2a cells, both m5 I-apoE3 
and l2o I-apoE4 bound to the microtubules and/or their associated 
proteins (Fig. 9). However, an isofbrm-specific difference was 
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FlG* 8. Electron microscopy of microtubules in Neuro-2a cells. Neuro-2a cells were incubated for 2 days in medium alone (A), m medium 
containing 0-VLDL (40 n% cholesterol/ml) OS), or in medium containing /3-VLDL together with 30 ng?m\ of cither human apoE3 (€) or human apoB4 
(D). Following incubation, electron microscopy was performed, as described under "Experimental Procedures, * to detect microtubules (arww$) in 
the neurites. Stale bar ••••• 0.5 p,m. 



observed, with more l25 I-apoE3 than m |.apoE4 bound to the 
crude microtubule preparation. 

The effect of apoE on the ratio of polymerized to monomeric 
tubulin was examined biochemically. Total tubulin, monomeric 
tubulin, and polymerized tubulin were extracted from 
Neuro-2a cells incubated under the various conditions and then 
were quantitated by Western blotting and densitometry. The 
amounts of total tubulin in extracts from the cells grown under 
the four treatment conditions were similar (Fig. I OA). Incuba- 
tion of cells with N2 medium containing /3-VLDL did not sig- 
nificantly affect the quantity of monomeric or polymeric forms 
of tubulin as compared with cells grown in N2 medium alone 
(Fig* KM). However, a dramatic isoform-specific difference in 
the polymerization state of the microtubules was observed 
when the ceils were grown in medium containing j3-VLDL and 
apoE. In contrast to cells treated with apoE3 and /3-VLDL, 
incubation of the cells with apoB4 and /3-VLDL resulted in an 
increase in the amount of monomeric tubulin and a decrease in 
the amount of polymeric tubulin (microtubules). 

Quantitation of the immunoblots from three independent 
experiments by densitometry revealed that the incubation of 
Neuro«2a cells with 0-VLDL resul ted in a slight increase in the 
amount of monomeric and polymeric tubulin (Fig, I OB ) as 
compared, with cells grown in N2 medium alone. However, cells 
incubated with /3-VLDL plus apoE3 had a significant decrease 
in monomeric tubulin and a significant increase in polymeric 
tubulin as compared with ceils grown in £-VLDL alone (p < 
0.001) (Fig, 10/i). On the other hand, the opposite effect was 
observed in cells treated with apoE4 and /3-VLDL, as mono- 
meric tubulin increased significantly and polymeric tubulin 
decreased (p < 0.001). These biochemical results confirm and 



extend the ultrastructural studies and suggest that apoE alters 
the state of tubulin polymerization in an isoform -specific 
manner. 

DISCUSSION 

The present study demonstrates that the isoform-speciBc ef- 
fect of apoE in association with a lipid source on neurite out- 
growth that was previously seen in rabbit DRG neurons also is 
observed in Neuro-2a cells, a murine neuroblastoma cell line 
derived from the central nervous system (19, 20). Furthermore, 
this study demonstrates that the isoform-specific effect of apoE 
on neurite outgrowth correlates with a differential accumulation 
of apoE3 verms apoE4 within the neurons and with a differential 
effect of the apoE3 and apo.E4 on cellular microtubules. 

Previous studies of nonneuronal cells have shown that apoE- 
containing lipoproteins are taken up and degraded by receptor- 
mediated endoeytosis, Apoiipoprotein E3- and apoE4-contain- 
ing lipoproteins have a similar binding affinity and cause a 
similar degree of lipoprotein internalization CI, 22, 30). The 
LDL receptor an d the LEP have been implicated in this process 
(1-3, 29). Neuronal cells possess both of these major receptors 
(19, 39, 40), and apoE3-indueed neurite extension in DIG 
neurons has been suggested to be mediated, at least in part, by 
the LHP (19). 

In the present study, using immunocytochemistry of apoE, 
we have observed a differential accumulation of apoE3 and 
apoE4 in Neuro-2a cells. Apolipo protein E3, incubated with the 
cells together with $-VLDL, accumulated widely throughout 
the cell bodies and the neurites in a diffuse pattern, suggesting 
that the internalized apoE3 is not restricted to a specific or- 
ganelle, Confoca! microscopy revealed that the apoE3 is intra- 
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Fig. 9. Binding of l25 I-apoE to partially purified microtubules 
in vitro* Partially purified microtubules were prepared from Neuro-2a 
cells grown in N2 medium, as described under "Experimental Proce- 
dures. M AUquots of rnicrofcubular preparations were incubated with m I- 
apoES or 12S I«apoE4 (2 jig/ml), followed by centrifugation to separate 
the free i2fJ I-apoE from that bound to microtubules. The radioactivity 
associated with the supernatant and pellet was determined, and the 
percentage of total radioactivity in the pellet was calculated. The data 
are the mean ± S.E. for three independent experiments, 

cellular, an observation confirmed by the fact that the pattern 
of staining did not change when the cells were treated with 
suramin to remove surface-bound apoE and by the fact that the 
immunoreactivity was observed only after membrane perine- 
als I ization to allow the antibodies to enter the cells. In com- 
parison to apoE3, less apoE4 accumulates within the Neuro-2a 
cells, even though equal amounts of lipoprotein-derived lipid 
are delivered to the cells. The data suggest a differential proc- 
essing of apoE3 and apoE4, resulting in a greater accumulation 
of apoE3. How apoE escapes lysosomal degradation remains to 
be determined. The ability of apoE to escape lysosomal degra- 
dation is supported by the recent observations of Han et aL 
(31), which suggest that apoE is present in the cytoplasm of 
human neurons. 

The differential effect of the apoE isoforms on neurite exten- 
sion and their differential intracellular accumulation sug- 
gested that apoE might alter the neuronal cytoskeleton, spe- 
cifically the microtubular system. Microtubules have been 
shown to have several important functions in neurons, includ- 
ing the development and maintenance of neuronal polarity, 
neurite extension, and retraction, the transport of macromole- 
cules, and the release of neurotransmitters (32-37, 41, 42). In 
fact, microtubular stability is linked to several neurodegenera- 
tive disorders, including Alzheimer's disease (43). We have 
shown by three different criteria that apoE3 and apoE4, when 
incubated with the cells together with /3-VLDL, have differen- 
tial effects on microtubular structure. The apoES clearly sup- 
ports microtubule formation in the Neuro-2a cells, whereas 
apoE4 is associated with microtubular depolymerization. By 
immunocytochemistry, the cells incubated with apoE3 along 
with 0-VLDL displayed an extensive microtubular system as 
visualized using an anti-tubulin antibody. In the apoE4- treated 
cells, the microtubules were poorly formed and revealed a dif- 
fuse immunoreactivity to tubulin, suggesting the depolymer- 
ization of the microtubules. These observa tions were confirmed 
by electron microscopy of the Neuro-2a cells. Furthermore, 
quantitation of monomeric and polymeric tubulin extracted 
from the Neuro-2a cells revealed that incubation of the cells 
with apoE3 along with /3-VLDL resulted in a reduction in 
monomeric tubulin and an increase in polymeric tubulin, 
whereas the opposite results were observed with apoE4. 
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Fig. 10. Immimobiotting of total, polymeric, and monomeric 
forms of tubulin ft"om Neuroma cells* Neuro~2a cells were incubated 
for 2 days in medium alone (control), in medium containing J3-VLDL (40 

cholesterol/ml), or in medium containing /3-VLDL together with 30 
jutg/ml of either human apoEH or human apoE4. Following incubation, 
cell extract was prepared as described under "Experimental Proce- 
dures." A, an aliouot of the cell extract containing 50 of total protein 
from each treatment condition was immunoblotted using a monoclonal 
antibody to ^-tubulin. Monomeric and polymeric forms of tubulin were 
separated from the cell extract by centrifugation, as described under 
"Experimental Procedures," and immunoblotted for o-tubulin as de- 
scribed above. B f densitometric scanning of immunoblots obtained from 
three independent experiments performed as described in A The value 
for the N2 medium alone was set at 100% (dashed line), and data were 
calculated aa the percent difference between each treatment group and 
the matched control (N2 medium alone) for each experiment. The per- 
cent differences for the different experiments then were averaged. Data 
are presented as the mean ± S.E. 

The mechanism whereby apoE may alter the microtubular 
system is unclear. However, apoE3 binds to crude microtubule 
preparations from Neuro«2a cells to a greater extent (2-fold) 
than does apoE4. These results are consistent with those of 
Huang et aL (44) and Strittmatter et aL (45), who demonstrated 
that apoE3 bound much more avidly to tau and MAP2c, two 
microtubule-associated proteins, than did apoE4, Tau, MAP2c, 
or other mierotubule-associated proteins may be mediating the 
binding of apoE to the crude microtubule preparations 
observed in our studies. In fact, the accumulation and retention 
of apoE3 in the Neuro-2a cells may reflect an interaction of 
apoE3 with the microtubules. Based on their biochemical stud- 
ies, Roses (46) and Strittmatter mt aL (45) postulated that the 
interaction of apoE3 with tau might support and stabilize mi- 
crotubule formation and prevent hyperphosphorylation of tau. 
Hyperphosphorylated tau is a major component of neurofibril- 
lary tangles, one of the characteristic lesions of Alzheimer's 
disease, suggesting a role for the microtubular system in the 
pathogenesis of the disease. 

Even though apoE4 does not support neurite outgrowth, it is 
important to note that apoE4 does not have a general toxic effect 
on the Neuro-2a cells. Removal of the apoE4 from the cells allows 
neurite extension to occur. Furthermore, the effect of apoE4 on 
microtubules does not reflect a general disruption of the <% 
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eton. The apoE4 did not affect actin stability, and actin filaments 
appeared identical in cells incubated with 0-VLDL and either 
apoE3 or apoE4. Furthermore, apoE4 did not effect cell replica- 
tion, as determined by thymidine incorporation. 

In conclusion, these studies suggest that apoE4 might play a 
role in the pathogenesis of Alzheimer's disease by destabilizing 
microtubules. In the aging brain, it is known that tubulin 
concentrations are low, favoring microtubular disassembly (47, 
48). In combination with a low tubulin level, the expression of 
apoE4, which appears to stimulate microtubular depolymeriza- 
tion, may prevent normal neuronal remodeling from occurring 
later in life, when the disease process occurs. Ongoing studies 
aimed at elucidating the mechanism responsible for the apoE4- 
mediated inhibition of neurite extension and the possible in- 
volvement of the microtubular system in this inhibition may 
shed light on the pathogenesis of Alzheimer's disease and other 
neurodegenerative disorders. 
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transradial approach (2 patients) was used to implant stents through 6 or 8 
French guiding catheter in 22 vessels (7 LAD, 5 RCA, 5 drcumflex. 3 left 
main, 1 obtuse marginal, 1 SVG); 10 vessels had bifurcations at the site, and 
11 had > 45* curvature. Pmprocedure minimum lumen diameter (MLD) was 
1.1 ±0.3 mm, diameter stenosis was 82 ± 7%, and lesion length was 31 ±17 
mm (1 6 to 66 mm). AH stents were successfully deployed at the intended site; 
4 vessels received multiple GR II stents (maximum 3). The post-stem MLD 
was 3.2 ± 0.5 mm, with a residual stenosis of 3 i 3%. Post-procedure therapy 
for 17 patients consisted Of ttetopidine for 1 month and aspirin indefinitely; 1 
patient with atrial fibrillation received systemic anticoagulation. No subacute 
thromboses, deaths, myocardial infarctions, or repeat interventions occurred 
within the first 3 months of clinical follow-up. Conclusion; The new features 
facilitate stent placement compared to the currently available system initial 
clinical results appear promising. 
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Late Clinical and Angiographic Outcome of Bailout 
Coronary Stenting. A Comparison Study Between 
Gianturco-Roubin and Paimaz-Schatz Stents 

Antonio Fernandez-Ortiz, Javier Goicolea, Maria J. Perez-Vfccayno, 
Fernando Alfonso, Rosana Hernandez, Camino Baftuelos, Javier Segovia, 
Adolfo Rodiguez, Carles Macaya. Hospital Unfa San Carlos. Madrid, Spain 

Coronary stenting provides a rapidly applied nonsurgical alternative to cor- 
rect acute dissections following unsuccessful balloon angioplasty. Although a 
variety of stents have been shown to be useful in this situation, the influence 
thai the stent design may have in long-term outcc* remains uncertain. 
In the present study, 34 consecutive pts receiving a Gianturco-Roubin (GR) 
stent were matched to 34 pts receiving a Paimaz-Schatz (PS) stent. Pts were 
elegibte if they had undergone successful coronary sterr^g for acute dissec- 
tion following balloon angioplasty and a 6-month control angiographic study 
had been performed. Group matching was performed according to vessel 
size (reference diameter [RefD) by quantitative computerized angiography 
[OCA]), location of target lesion and dissection type (AHA classification). 
Follow-up clinical data (% free of cardiac death, revascularization and my- 
ocardial infarction [Ev-free]) and OCA angiographic follow-up data (late loss 
and minimal luminal diameter [MLDruj, and % of restenosis — > 50% — 
[Re]) were compared (X ± SD): 





GR 


PS 


p value 


RefD (mm) 


2.9 ±0.4 


2.9 ±0.4 


ns 


Dissection length (mm) 


10.1 ±8.2 


19.7 ±5.7 


ns 


MLD post-stem (mm) 


2.4 ± 0.5 


2.5 ±05 


ns 


MLD folJOw-up (mm) 


1.3 ±0.9 


1.8±0.7 


<0.05 


MLD late loss (mm) 


1.1 ±0.8 


07 ±0.6 


<0.05 


Re(%) 


15(44%) 


5(15%) 


<0.05 


Ev-free (%) 


24(70%) 


29(85%) 


<0.05 



Conclusions: PS stenting for the management of acute coronary dissec- 
tions after angioplasty provides a better clinical outcome than GR stenting. 
This benefit is mainly determined by a lower late loss resulting in larger 
luminal diameter at 6-month follow-up with PS stenting. 



921-44 Serial Angiographic Follow-up After Cordi9 Stent 
Implantation. — Comparison With Paimaz-Schatz 

Stent— 

Naoya Hamasaki, Hioeyuki Nosaka, Takeshi Kimura, Masaklyo Nobuyoshi. 
Kitakyushu, Kokura Memorial Hospital, Japan 

The purpose of the present study was to evaluate progress of restenosis 
after successful Cordis (CD) stent placement and to compare ft with Palmaz- 
Schate(PS) stent placement by matched lesion analysis. From Jan.'94 to 
Feb/95. CD stent placement was attempted in 92 consecutive patlents(pts) 
with 94 lesions(ls) and successful single stent placement was achieved in 65 
pts. with 68 Is. Prospective serial angiographic follow-up(F/U) was scheduled 
for next day, 1 month. 3 and 6 months after procedure. F/U angiogram was 
completed in 60 pts. with 61 Is. Matching process was based on stenosis 
location, reference diameter (< 0.3 mm) and minimal lumen diameter (MLD 
< 0.1 mm). All 61 Is. were matched identically selected from 586 consecutive 
series of successful P/S stent placement (Feb.'«KJune'94). 





CD 


PS 




Reference diameter (mm) 


3.14±0.44 


3.14 ±0.44 


NS 


MLD pre (mm) 


1.04±059 


0.99 ±0.28 


NS 


MLD poet (mm) 


2.81 ±0.29 


2.89±0.35 


NS 


MLD F/U (mm) 


1.94 ±0.58 


1.99 ±0.66 


NS 


Relative gain 


0.57±0.11 


0.61 ±0.13 


NS 


Relative loss 


0.28 ±01 9 


059 ±0.21 


NS 



in conclusion, although there was more complicated and restenotic lesions 
in CD stent group, ranarrowing process didn't differ between groups In this 
relatively a small number of cohort. 
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922-46 j Mechanism of Restenosis Following Stenting of 

Renal Arteries With Nonarticulated Pafmaz™ Stents 

Sandeep Khosla, Dinesh Shaw, Nancy McCarthy, Tyrone J. Collins, J. 
Stephen Jenkins, Christopher J. White. Stephen R. Ramee. Ochsnar Clinic 
New Orleans LA 

To investigate the mechanism of restenosis following renal artery stenting, 
computer-assisted quantitative angiographic measurements were made at 
the proximal, middle and distal segments of the stent in 57 renal arteries 
treated with nonarticulated Palmaz " stents in 41 patients (28 male, 13 
female, mean age 66 years; range 37 to 84 years). Identical measurements 
were repeated at 6 month angiographic follow-up {mean 255 ± 240 days). 
Mean reference vessel diameter (RVD) at baseline, post stent and at 6 
months was 5.1 ± 1.2, 5.1 ± 1.2 and 4.9 ± 1.2 mm respectively (p * NS). 
Mean minimum luminal diameter {MLD) at baseline, post stenting and at 6 
months was 1 .2 ± 0.6, 4.9 ± 1 . 1 and 3.3 ± 1 .2 mm respectively (p < 0.0001 



Proic (mm) 



(mm) 



Distal (mm) 



MLD post*stenting 4.7 ±0.9 4.9 ±1,0 4.7 ±0.9 

MLD at 6 months 3.6 ± 1 .0* 37 ± 1 .1 • 3.7 ± 1 .1 • 

Lumen toss at 6 months 1.2 ±0.7 1.2 ± 1.0 1 .2 ± 0 <3 

Stent diameter post-stenting 5.4 ±0.7 5.3 ±0.7 5.3 ±0.7 

Stsnt diameter at 6 months 4.9 ±0.7* 4.84:0.6* 4.8 ±0.7* 

Stent recoy at 6 months 0.5 ±0.4 0.4 ±0.3 0.3 ±0.4 

Stent recoil index* 41% 33% 25% 

*Stent recoil index * (stent recoil at 6 months * lumen loss at 6 months). *p < 0.001 
versus MLD post-stenting, tp < 0.001 versus Stem diameter post-stenting 

Stent diameter at 6 month follow-up was smaller than immediately post- 
stenting suggesting that restenosis is due to a combination off stent recoil and 
tissue ingrowth in these patients. Conclusion: Late lumen loss following stent 
deployment in the renal arteries is predominantly due to tissue ingrowth. 
There is, however, significant stent recoil at 6 months which also contributes 
to the late lumen loss. 
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Apolipoprotein E Isoform and Upoproteln(a) as 
Risk Factors for Restenosis After Coronary 
Angioplasty 

Hideya Yamamoto, Michinori tmazu. Takashi Yamabe. Takehiko Watanabe, 
Hironori Ueda, Koichi Ono. Futoshi Tadehara, Michto Yamakido, 
Yasuhiko Hayashl. Hiroshima University, Hiroshima, Japan 

We previously reported serum level of lipoprotein^) (Lp(a)] was a risk fac- 
tor for restenosis. To evaluate that apolipoprotein E (apoE) isoform which 
predisposes to premature coronary artery disease also has any predictive 
value for restenosis. 103 patients (age; 63.3 ± 9.7) who underwent elective 
PTCA were available for analysis. The quantitative analysis of the stenotic 
coronary segments was carried out. Restenosis was defined as the presence 
of > 50% stenosis at follow-up. Lp(a) was measured before PTCA. ApoE 
phenorypes were determined by isoelectric focusing and classified into three 
categories; E2 (E2/2, E2/3), E3 (E3/3). E4 (E4/4. E4/3). flesutts: The median 
level of serum Lp{a) was 25.7 mg/dl in patients with restenosis (N = 50) 
compared with 21 .1 mg/dl in those without restenosis (N * 53) (p < 0.05). 
The restenosis rate was significantly higher In patients with tp(a) levels > 
30 mg/dl (N - 32) than in those with Lp(a) levels > 30 mg/dl (N « 71) (66% 
vs. 39%, p < 0.02). Serum lipids and incidence of restenosis in patients with 
three apo E were as follows. One subject of E2/4 was excluded. 





E2(N«5) 


E3(N-81> 


E4<N = 16) 




T. choL (mg/dl) 


184.6 


208.7 


2173 


ns 


l*W(mgfcH) 


228 


24.2 


17.8 


ns 


Restenosis 


1(20%) 


39(46%) 


11 (67%) 


ns 


Lp(a) -c 30 mg/dl (N » 70) 


(N-5) 


(N-54) 


(N*11) 




Restenosis 


1 (£0%) 


18(33%) 


9(82%) 


p<0,02 


Lp(a) > 3U mg/dl (N = 32) 


(N-0) 


(N«27) 


(N»5) 




Restenosis 




19(71%) 


2(40%) 


ns 



Multiple regression analysts adjusted for age, gender, and totalcholesterol 
revealed that Lp(a) and apoE4 were related with restenosis. Lp(a) (10 mg/dl) 
(1.52; 1.15-2.10, p < 0.01), apoE4 (1,84; 1.04-3.82. p < 0.05), (Odd ratio; 
95% confidence interval, p value). Conclusions: Elevated levels of serum 
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Ward Casscells, MD Restenosis after percutaneous transluminal coronary angioplasty remains a problem, 

David Engler, PhD which suggests that we still do not fully understand its mechanisms. We review here 

James T. Willerson, MD the curren t understanding of the ceil biology of restenosis, including clinical correlation 

(risk factors), randomized clinical trials, human histology, animal models, and in vitro 

studies. (Texas Heart Institute Journal 1994;21:68-77) 



Restenosis after percutaneous transluminal coronary angioplasty (PTCA) 
continues to be a frustrating problem. Even though it does not confer 
an increased mortality (because patients with restenosis develop angina 
rather than myocardial infarction or sudden death), restenosis leads to repeat 
PTCA or coronary artery bypass grafting, and so increases morbidity and costs. 1 
The failure of so many therapies to significantly lower restenosis rates — whether 
defined as % diameter stenosis, minimum lumen diameter, or late loss — suggests 
that the mechanisms of restenosis are not well understood. 2 ^ This article reviews 
what is known about these mechanisms. The information about restenosis comes 
from the following 5 categories: clinical correlation (risk factors), randomized clin- 
ical trials, human histology, animal models, and in vitro studies, as discussed 
below. 
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Risk Factors 

Few risk factors for restenosis have stood the test of time, and their predictive 
power is weak — even that of such factors as lipoprotein (a), low high-density 
lipoprotein (HDL), prior restenosis, total occlusion, diabetes, or location of the 
left anterior descending coronary artery. 1 9 

Most risk factors related to PTCA are, likewise, weak predictors. However, a 
patient with angina, residual stenosis, or a positive perfusion scan soon after PTCA 
is at increased risk. Does this increase occur because a vessel that is already nar- 
row can't afford to lose much lumen, or is it due to the increased thrombotic risk 
of the high shear at the stenosis and the high turbulence just distal to the stenosis? 
As Bairn and colleagues have pointed out, 4 restenosis may still occur after suc- 
cessful PTCA, because the late loss is to some extent proportional to the initial 
gain, suggesting that restenosis is proportional to the degree of injury. Better 
lesion-specific predictors are needed. One leading candidate is cyclic flow varia- 
tion, which is caused by transient episodes of platelet aggregation and vasocon- 
striction, and can now be detected in patients by use of a Doppler flow wire. 10 

Clinical Trials 

What mechanistic insights have clinical trials provided? As recently reported, 1 1 
stents may be beneficial because a larger lumen better accommodates a given 
amount of neointima; but stents may also help by improving flow, resisting spasm, 
and preventing dissection. 

Randomized trials of drug and diet therapies have been disappointing thus far. 
However, many of the trials have used low doses or too few patients, particularly 
in the case of heparin, 12 angiotensin-converting enzyme inhibitors, 1 - and vitamin 
E. n Thrombosis, angiotensin II, and oxidation may very well play a role in 
restenosis. Indeed, the recent EPIC trial of an antibody against the platelet Ilb/IIIa 
receptor has found not only a lower rate of early reocclusion after PTCA, but also 
a decrease in late ischemic events, suggesting inhibition of restenosis.* 

•Topol E. Personal communication, January 1994. 



68 Mechanisms of Restenosis 



Volume 21, Number 7, 1994 



Time Course of Vascular Balloon Injury 

The time course of restenosis can be inferred from 
data on injury of the rat carotid arteries, from other 
animal models, and from some autopsy studies. 15 " 22 
Endothelial removal and endothelial death, as well 
as some smooth muscle death, smooth muscle sepa- 
ration, and smooth muscle stretch, occur within sec- 
onds of injury. Over the course of several minutes 
there is platelet attachment, release, aggregation, 
and coagulation. During the 1st few days, endothe- 
lial and smooth cells and macrophages proliferate 
and migrate. Over several weeks, synthesis, matura- 
tion, and contraction of the extracellular matrix take 
place, in addition to a process of remodeling in 
which the whole vessel may get larger or smaller. 

Mechanisms: Current Consensus 

Endothelial removal exposes collagen and tissue fac- 
tor, leading to thrombosis and to loss of nitric ox- 
ide, 2324 prostacyclin, 25 tissue plasminogen activator 
(tPA), 26 heparan sulfate proteoglycans (HSPG), 2728 
and endothelial-derived hyperpolarizing factor 
(EDHF). 29 These losses may result in thrombosis, 
vasoconstriction, inflammation, and growth. Endo- 
thelial rupture causes release of fibroblast growth 
factors from the cells and their extracellular matrix 
(Fig. I). 30 

Thrombosis is a function of inflammation, vaso- 
constriction, loss of endothelial cells, and endothe- 
lial cell dysfunction. 31 ' 34 In this process, platelets 
release a variety of prothrombotic, vasoconstrictive, 
and growth-promoting mediators. Some enzymes 
of the coagulation cascade are also mitogenic for 
smooth muscle cells (Fig. 2). 55 
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Fig. 1 Loss of endothelium and damage to endothelium 
promote thrombosis, vasoconstriction, inflammation, and 
growth through multiple mechanisms. 

aFGF = acidic fibroblast growth factor (FGF-1); bFGF » basic 
fibroblast growth factor (FGF-2); EC = endothelial cells; ECM 
extracellular matrix; EDHF - endothelial-derived hyperpolar- 
izing factor; HSPG = heparan sulfate proteoglycans; NO = 
nitric oxide; PGl 2 = prostacyclin; SMC « smooth muscle 
cells; tPA « tissue plasminogen activator 
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Fig. 2 Mechanisms of thrombosis in arterial injury. 

ADP = adenosine diphosphate; EC = endothelial cell; 
EGF = epidermal growth factor; Fn = fibronectin; 12-HETE = 
1 2-hydroxyeicosatetraenoic acid; 5HT = serotonin; LTB4 = 
leukotriene B4; PDGF = platelet-derived growth factor; PF4 = 
platelet factor 4; TGFpl = transforming growth factor 07; Tsp 
= thrombospondin; TXA 2 = thromboxane A 2 ; Xa = activated 
factor X 



Stretch of the smooth muscle cells activates ion 
channels, which directly promotes smooth muscle 
cell activation and growth, 36 as does rupture of 
the internal elastic membrane. 37 Separation of cells 
exposes them to plasma and platelet mitogens, and 
disrupts contact inhibition. 

Inflammation is caused by chemoattractants, loss 
of endothelial anti-inflammatory factors, and acti- 
vation of specific eicosanoids, adhesion molecules, 
and cytokines. Macrophages release numerous fac- 
tors that promote growth, thrombosis, and vasocon- 
striction (Fig. 3)- 38 " 40 

Endothelial dysfunction is caused by stretch, 
thrombosis, and inflammation, and persists during 
endothelial regeneration. 13,4041 Dysfunctional en- 
dothelial cells overexpress plasminogen activator 
inhibitor-1 (PAI-1), fibronectin, thrombospondin, 
integrins, selectins, angiotensinogen, angiotensin- 
converting enzyme, endothelin, and several growth 
factors, leading to smooth muscle cell activation and 
growth (Fig. 4). 13 ' 4244 

In summary, vascular smooth muscle cell activa- 
tion and growth after balloon injury are now thought 
to involve multiple mechanisms (Fig. S) 36 

Recent Trends in Restenosis Research 

Poor predictive power of risk factors and disappoint- 
ing results of clinical trials have led to the reevalua- 
tion of several assumptions about restenosis. As a 
result of this new approach, O'Brien and colleagues 
have found that there is a rather low rate of smooth 
muscle cell proliferation in specimens of human 
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Fig. 3 Mechanisms and consequences of inflammation after 
arterial injury. 

bFGF - basic fibroblast growth factor, HB-EGF - heparin- 
binding epidermal growth factor; HSPG = heparan sulfate 
proteoglycans; IFy = interferon y; IL-1 = interleukin-1 ; mcp = 
monocyte chemoattractant peptide; NO = nitric oxide; ox.LDL 
= oxidized low-density lipoprotein; PDGF = platelet derived 
growth factor; PGI 2 = prostacyclin; SMC = smooth muscle 
cells; TGFol = transforming growth factor a; TGFp = trans- 
forming growth factor 0, TNFa = tumor necrosis factor a 
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ig. 5 Multiple mechanisms contribute to smooth muscle cell 
activation and growth. 

aFGF = acidic fibroblast growth factor; bFGF = basic fibroblast 
growth factor; EC = endothelial cells; HSPG = heparan sulfate 
proteoglycans; NO = nitric oxide; PGI 2 = prostacyclin; SMC = 
smooth muscle cells 
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Fig. 4 Causes and consequences of endothelial dysfunction 
after arterial balloon injury. 

ACE = angiotensin-converting enzyme; bFGF = basic fibro- 
blast growth factor; Fn = fibronectin; IGF-1 - insulin-like 
growth factor-1; PAI-1 = plasminogen activator inhibitor-) ; 
PDGF - platelet-derived growth factor; SMC = smooth 
muscle cell; Tsp = thrombospondin 



restenosis.^ 46 Moreover, the amount of lumen that 
is lost cannot be explained by the amount of neo- 
intima that develops. This was the subject of several 
abstracts at a recent American Heart Association 
meeting in November 1993. 47,48 For example, of the 
120 specimens of restenosis we have examined, the 
specimen in Figure 6 is typical: it shows only a few 



Fig. 6 Photomicrograph demonstrating the relative paucity 
of cells (light purple) and the predominance of collagenous 
extracellular matrix (beige) in a typical specimen of restenosis 
obtained by directional atherectomy. Shown in dark purple are 
3 cells that immunoreact with an antibody to proliferating cell 
nuclear antigen (PCNA). Some specimens reveal a higher 
density of ceils and PCNA label, particularly when obtained 
from patients with unstable angina or recent percutaneous 
transluminal coronary angioplasty. 46 



smooth muscle cells in a sea of extracellular matrix, 
and very few of these cells show immunoreactiv- 
ity for proliferating cell nuclear antigen (PCNA). In 
short, most specimens have a low rate of smooth 
muscle proliferation, at least at the time that ather- 
ectomy is performed for restenosis. 

Remodeling. Figure 7 depicts 3 possible schemata 
for the loss of lumen. Recent data 47 " 8 suggest that 
the loss of lumen is a function of the creation of a 
neointima, as well as scar contraction and remodel- 
ing. Clearly it is crucial to measure the lumen area 
and not just to quantify the neointima. 

The extracellular matrix constitutes 90% of the 
neointima. Moreover, the matrix regulates cell migra- 
tion, proliferation, and matrix production by means 
of cytoskeletal signals and by posttranslational con- 
trol of growth factors, receptors, lipids, and nitric 
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Fig. 7 Schematic drawing showing the contribution of re- 
modeling and neointimal proliferation to the loss of lumen in 
restenosis. The diagram at the upper left shows a vessel after 
successful angioplasty; the upper right shows the traditional 
concept that the loss of lumen is due to thickening of the 
vessel wall. The lower left illustrates the view that the loss 
of lumen is due solely to remodeling, resulting in a smaller 
vessel. The lower right illustrates the consensus view that 
remodeling and neointimal development both contribute to 
the loss of lumen. 



oxide. 49 52 Over several weeks, proteoglycans give 
way to collagens that are contracted by the smooth 
muscle cells. Little is known about factors that pro- 
mote extracellular matrix formation and scarring, but 
transforming growth factor P (TGFp), platelet-de- 
rived growth factor (PDGF), vitamin C, and tissue in- 
hibitors of metalloproteases appear to be involved. 53 
Factors that may inhibit scarring are plasminogen 
activators, 54 55 heparin, 56 57 and collagenases. 58 

Recent studies indicate the need to place more 
emphasis on remodeling of the vessel — an endothe- 
lial-dependent process 5960 — and on the role of the 
matrix in scar contraction. The data also suggest that 
there should be less emphasis on the rat carotid ar- 
tery model, which features a high rate of cell prolif- 
eration, and more emphasis on larger animal models. 
However, the development of transgenic mice with 
atherosclerotic-like lesions, 61 and of a technique for 
balloon injury in these animals, 62 may make way for 
more relevant rodent models. 

Endothelial Regeneration. There is increased in- 
terest in factors that enhance endothelial regener- 
ation, such as fibroblast growth factors (FGFs) 63 and 
vascular endothelial growth factor (VEGF), 64 ' 65 which 
acts only on endothelial cells (Fig. 8); less is known 
about the other factors. A few of the inhibitors of en- 
dothelial cells are also being investigated, with par- 
ticular focus on the effects of oxidized low-density 
lipoprotein, 66,67 TGFP, 68,69 and cytokines such as in- 
terferon^ and interleukin-1. 70 ' 72 

Smooth Muscle Cell Proliferation and Migration. 
Despite the deemphasis on smooth muscle prolifera- 
tion, it is important to recall that the smooth muscle 
cells secrete and contract the matrix. The factors that 
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Fig. 8 Factors that enhance or inhibit endothelial cell 
proliferation and/or migration in vitro and in some cases 
in vivo. Factors whose actions are variable, depending 
on culture conditions, are shown in parentheses (for 
details see references 63-72}. 

ado = adenosine; AT II = angiotensin II; EC = endothelial 
cells; EGF = epidermal growth factor; FGFs = fibroblast 
growth factors; Fn = fibronectin; GCSF = granulocyte colony- 
stimulating factor; GMCSF = granulocyte macrophage colony- 
stimulating factor; HSPG = heparan sulfate proteoglycans; 
5HT = serotonin; IFy= interferon y; IL-1 = interleukin-1; IL-4 = 
interleukin-4; Ln = laminin; NE = norepinephrine; ox LDL = 
oxidized low-density lipoprotein; PD-ECGF » platelet-derived 
endothelial cell growth factor; PDGF = platelet-derived growth 
factor; PGI 2 = prostacyclin; TFG& = transforming growth factor 
p; TNFa = tissue necrosis factor a; tPA * tissue plasminogen 
activator; VEGF ~ vascular endothelial growth factor 



promote in vitro smooth muscle proliferation or mi- 
gration (or both) are shown in Figure 9. 13 " 1673 ' 76 Al- 
though not all of these factors are activated at all 
times after balloon injury, there is substantial redun- 
dancy. Moreover, multiple factors induce each other; 
for example, FGF is induced by thromboxane A 2 , 77 



MO 



thrombin, 78 serotonin, 79 and angiotensin II. 

Substantial redundancy exists in embryonic de- 
velopment. A number of "knock-out" genes were 
thought to be critical for the growth and develop- 
ment which, surprisingly, resulted in mice with ap- 
parently normal hearts. Examples include the gene 
for endothelin 1, brain nitric oxide synthase, TGFpl, 
tenascin, tPA, urokinase plasminogen activator, and 
PAI-1. 81 However, it is not certain that these mice 
would respond normally to balloon injury. More- 
over, it is unlikely that redundancy is as extensive in 
the adult as in the embryo. In adult rats, factors such 
as basic FGF have been neutralized (with antibodies 
or antisense oligonucleotides), yielding at least tran- 
sient effects on restenosis.* 82,83 

Many factors are known to inhibit endothelial 
cells, but only a few inhibit smooth muscle cells: 
bradykinin, 84 atrial natriuretic factor, 85 and prostacy- 

•Dixon R. Personal communication, November 1993. 
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clin. Other factors such as TGFp can inhibit smooth 
muscle cells, depending on context or on the smooth 
muscle cell subtype (smooth muscle cells are known 
to be heterogeneous). 

The recent realization that many agonists perform 
multiple actions provides further evidence of their 
complexity. For example, thrombin promotes not 



just cleavage of fibrinogen but also smooth muscle 
growth and monocyte chemotaxis; 3 ' tPA has pro- 
nounced effects on cell proliferation, migration, 
and matrix degradation;^ and FGF and PDGF act as 
vasodilators. 868 " 

Receptor Complexity. It has recently been shown 
that receptors are much more complex than previ- 
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Fig. 9 Factors that enhance proliferation and/or migration of 
cultured smooth muscle cells are listed beneath their sources. 



Those in parentheses can enhance or inhibit depending on 
context. See text for reviews with detailed references. 

AT II x angiotensin II; ACE = angiotensin-converting enzyme; 
ADP = adenosine diphosphate; EC = endothelial cells; EGF = 
epidermal growth factor; FGFs = fibroblast growth factors, 
HB-EGF = heparin-binding EGF; HDL = high-density lipopro- 
tein; 12-HETE = 1 2-hydroxyeicosatetraenoic acid; 5HT = 
serotonin; I Fy = interferon y; IGF-1 = insulin-like growth factor- 
1; IL-1 = interleukin-1 ; fp(a) = lipoprotein(a); LDL = low-density 
lipoprotein; M0 = macrophage; NE = norepinephrine; PAI-1 * 
plasminogen activator inhibitor-1; PDGFs = platelet-derived 
growth factors; PF4 * platelet factor 4; SMC = smooth 
muscle cells; TGFct = transforming growth factor a; TGF-p = 
transforming growth factor p; Tsp = thrombospondin; TXA 2 = 
thromboxane A 2 ; VIP = vasoactive intestinal peptide; Xa = 
activated factor X 




actrve lPKCi | mek kinase! tfraflactivitv 

Fig. 10 Interacting signal pathways of the 7-membrane- 
spanning receptors. The box represents a cell in whose 
membrane lie a potassium channel, a phosphorylated sugar 
(phosphoinositide bis-phosphate IPIP 2 J), and a 7-membrane- 
spanning receptor. Dozens of receptors with this same 
general configuration bind such ligands as norepinephrine, 
serotonin, and angiotensin II. Upon occupancy of the receptor 
by the ligand (or in the case of the thrombin receptor, by 
cleavage of the N-terminus of the receptor, which allows the 
N-terminus to fold back and activate the receptor), the G 
protein is activated, leading to substitution of GDP by GTP, 
thereby releasing the a, p, andysubunits for diverse functions 
and simultaneously decreasing the affinity of the receptor for 
the ligand. The G protein has GTPase activity that terminates 
the signaling process. 

The G proteins come in general classes such as G s 
(stimulatory), G (inhibitory), and G Q (which activates phospho- 
lipase Cp). This enzyme then cleaves PIP 2 into diacyiglycerol 
(which activates protein kinase C (PKCJ). The other fragment. 



inositol triphosphate, causes release of calcium from the 
endoplasmic reticulum. 

Receptors may alternatively activate inhibitory G-protein 
complexes (and some may even associate with more than 1 
type of G protein, as suggested here). In this case, inhibition 
of adenylate cyclase results in reduced conversion of ATP to 
cyclic AMP with ongoing conversion of cyclic AMP to ATP by 
phosphodiesterase. The decline in concentration of cyclic 
AMP, the allosteric activator of protein kinase A (PKA), results 
in a decrease in PKA activity. Depending on the celt type, this 
can result in altered calcium release, altered transcription, 
decreased phosphorylation of phospholamban, etc. Of 
particular interest here, however, is the recent finding that 
PKA stimulates raf activity, and also that G t proteins regulate 
mek kinase. Finally, PKC has been shown to regulate the 
phosphorylation of mek. Thus, there are several recently 
discovered interactions between the PKA and PKC pathways 
(long known to be regulated by vasoactive hormones and 
neurotransmitters activating G proteins and the phospho- 
inosotide pathway) and the kinase cascade triggered by 
growth factors and tyrosine kinases. 

Also shown is the direct regulation of the potassium 
channel by the inhibitory G protein. Not shown are the effects 
of the p andysubunits. and the desensitization of the receptor 
by kinases such as p-adrenergic receptor kinase and arrestin. 
Also omitted are many details of the phosphoinositol and 
related pathways, such as IP4 and phosphatidylcholine.' 01 104 

AC = adenylate cyclase; ATP = adenosine triphosphate; cAMP 
= cyclic adenosine monophosphate; DAG = diacyiglycerol; 
ER = endoplasmic reticulum; GDP = guanosine diphosphate; 
G t = inhibitory G protein; G Q = activating G protein; GTP = 
guanosine triphosphate; IP3 = inositol triphosphate; iPKC = 
inactivated protein kinase C; mek = map kinase kinase; 
PDE » phosphodiesterase; PIP 2 = phosphoinositide bis- 
phosphate; PKA = protein kinase A; PKC = protein kinase C; 
PLCp = phospholipase CP 
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ously imagined. Williams's group discovered that 
cells can secrete fragments of FGF receptors which 
bind FGF. 8 " Some cells also seem to produce "domi- 
nant-negative" FGF receptors, which are truncated 
membrane-bound receptors that bind FGFs but can- 
not phosphorylate intracellular proteins and there- 
fore cannot signal. 89 In addition, FGF receptors have 
been shown to have alternative tyrosine kinase splic- 
ing such that different protein substrates are phos- 
phorylated. 9092 There are also apparent intracellu- 
lar receptors for FGF; and dozens of FGF receptor 
isoforms vary with cell type and cell state. 939 ' To 
make matters more complicated, FGF receptors (and 
TFGp receptors) have recently been shown to inter- 
act with specific components of the extracellular 
matrix, some of them membrane bound. Finally, 
there is considerable evidence that basic FGF and its 
receptors are translocated to the nucleus in specific 
phases of the cycle of activated cells; however, their 
exact function is unknown. 969 " 



In the family of 7-membrane-spanning, G-protein- 
associated receptors, a recent fascinating discovery 
is that thrombin cleaves its receptor, with the new 
N-terminus of the receptor then folding back to 
stimulate the body of the receptor. ^ 

The high degree of complexity and redundancy 
at the level of ligands and their receptors has caused 
restenosis researchers looking for an Achilles heel to 
shift their focus to the signal pathways that converge 
on the nucleus. Berk and others 98 99 have found that 
inhibition of sodium-hydrogen exchange can inhibit 
restenosis in animal models. In November 1993, R. 
Dixon and one of the authors (JTW) reported at the 
American Heart Association meeting that optimal 
antisense strategies require that multiple transcripts 
be attacked simultaneously (such as PDGF and FGF 
receptors, tenascin, and raf kinase). 

Much progress has been made in understanding 
G proteins, phosphoinositol turnover, calcium re- 
lease, and protein kinase C activity. ,,KM,)H But in the 




Fig. 11 Generalized pathways for cellular activation (resulting 
in changes in gene expression and/or mitogenesis) generated 
from growth factors and cytokines. Growth factor binding to a 
transmembrane receptor tyrosine kinase (GF-RTK) causes 
auto- and transphosphorylation of the RTK dimerized molecule 
(designated as P). Enzymatic cytoplasmic signaling molecules 
such as src-kinase r phospholipase C-y, Jak-kinase, and 
GTPase-activating protein (GAP) bind the activated receptor 
at these sites of phosphorylation directly 105 - 106 Other "linker 
molecules " such as GRB2 also bind activated receptors at 
these sites of phosphorylation and couple their response to 
downstream enzymatic signaling molecules such as SOS 
(other "linker molecules, " such as she, act only to bring 
signaling molecules closer together for subsequent enzyme- 
substrate interactions but do not bind activated RTKs directly). 
Cytokine (interleukin-2 and inter feron-y) binding to cell surface 
receptors also triggers signaling cascades, using some of the 
same cytoplasmic signaling molecules as the classical GF- 
RTKs (such as the sre and Jak kinases). These molecules 
multiply the growth factor and cytokine binding signal many 



times over by stimulating an enzymatic 
phosphorylation cascade of numerous 
proteins, such as p2 V protein (ras); 
raf kinase (raf); map kinase; map 
kinase kinase (mek); and ribosomal S6 
kinase (rsk); which ultimately act in the 
nucleus to cause phosphorylation of 
transcription factors, and subsequent 
up- or down-regulation of specific 
gene synthesis, resulting in mito- 
genesis. 107 More direct routes of gene 
activation by GF-RTKs are exemplified 
by phospholipase C-y's ability to 
couple the phosphoinositol signaling 
pathway, in which the phosphatidyl- 
inositol biphosphate is cleaved to 
generate inositol triphosphate, which 
causes release of free Ca*~ from the 
endoplasmic reticulum, and diacylgly- 
cerol, which in turn activates protein 
kinase C. Alternative signaling path- 
ways are exemplified by the ability 
of small molecules such as nitric oxide to stimulate guanyl 
cyclase from the inactive to the active form, causing a rise in 
the levels of cyclic GMP, and subsequent rise of cyclic ADP- 
ribose and phospholipase A 2 , to increase arachidonic acid 
levels and keep ras-GAP in the active state. 108 

AA = arachidonic acid; ADP = adenosine diphosphate; cADP-R 
= cyclic adenosine diphosphate-ribose; cGMP = cyclic 
guanosine monophosphate; DAG = diacyiglycerol; ER = 
endoplasmic reticulum; GAP - GTPase-activating protein; GC 
= guanylate cyclase; GF = growth factor; GF-RTK = growth 
factor binding to a transmembrane receptor tyrosine kinase; 
GTP = guanosine triphosphate; IFy = interferon y; IL2 = 
interleukin-2; IP 3 = inositol triphosphate; mek * map kinase 
kinase; NADH = reduced form of nicotinamide-adenine 
dinucleotide; NO = nitric oxide; P = RTK dimerized molecule; 
PIP 2 - phosphoinositide bis-phosphate; PKC = protein kinase 
C; PLA 2 - phospholipase A 2 ; PLCy « phospholipase C-y; R = 
receptor; rsk = ribosomal S6 kinase; SIF-A = sis-mducible 
factor-A 
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past few months there have been even more remark- 
able reports demonstrating interactions of paths pre- 
viously thought to act independently (Figs. 10 and 
ll 105 " r ; see also reference 108). It has been shown 
that FGF activates endothelial migration via a differ- 
ent pathway than that used for proliferation. Migra- 
tion is signaled through a G protein, activation of 
phospholipase A 2 , 5-lipoxygenase, and ras. 109 Other 
studies have demonstrated roles for Ca ++ , cam ki- 
nase, and rho. Nitric oxide has recently been shown 
to utilize a novel mechanism of calcium release by 
forming cyclic ADP-ribose. ,U) 

Very recently, yeasts were found to use a 2-com- 
ponent path to the nucleus, featuring phosphory- 
lation on histidine and aspartate. 111 This path most 
likely functions in smooth muscle cells as well. A 
new pathway involving a phosphorylated 91-kDa 
protein has also been discovered. 11 "" 1 ^ As shown in 
Figure 11, this pathway is distinct from the well- 
known activation of ras, raf, and map kinases and 
the subsequent interaction of jun and fos. In the new 
pathway, a 91-kDa protein is activated and translo- 
cated to the nucleus where it participates with acti- 
vated sis-inducible factor A as a transcription factor. 

Figure 12 1,6,1 19 shows the cell cycle in a simplified 
and linearized form. Some of the many early growth 
response genes are illustrated. Antisense to fos, myc, 
myb, or PCNA is reported to inhibit smooth muscle 
proliferation in vitro and, in the case of myb, in vivo. 
The cyclins are crucial in the final steps of cell divi- 
sion; Dzau's recent work with antisense to cyclin B, 
PCNA, and cdc2 kinase demonstrates the potential 
of targeting this final common pathway." 2 

01 ->G2 -» M 

Growth Receptors Signals EGR genes DNA Cyclins Mitosis 
Factors tos synthesis A&B 

myc 

myb 

jun 

Egr-1 

PCNA 

cdc2 

CaM 

IGF1-R 

Fig. 12 The cell cycle of nonmalignant cells is initiated in 
67, as shown in this linearized diagram, by synthesis or re- 
lease of specific growth factors, synthesis of their respective 
receptors, and transduction of the signals generated by the 
iigand-occupied receptors as shown in figures Wand 11. In 
the nucleus, many early growth response (EGR) genes are 
expressed, including transcription factors and enzymes, some 
of which are phosphorylated in a complex pattern leading to 
DNA synthesis (S), the G2 phase, and then mitosis" 6 " 7 The 
tumor-suppressing anti-oncogenes p53 and Rb inhibit the 
cycle at multiple points (for details see references 7 18-1 19). 

PCNA = proliferating cell nuclear antigen; EGR = early growth 
response; IGF1-R = insulin-like growth factor-1 receptor; M - 
mitosis 



In conclusion, it is possible that all the relevant 
mechanisms have now been identified; if so, study 
of their regulation, in vivo, should finally provide an 
understanding of restenosis. 
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